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Abstract 

 

Background: Monocyclic aromatic hydrocarbons (MAHs) are a family of chemicals that include 

benzene, toluene, and xylene. These three chemicals are ubiquitous agents that are present in a 

number of occupational and environmental circumstances. Currently, there is limited and 

inconsistent evidence to suggest that exposure to MAHs is associated with lung cancer in 

humans. 

 

Objectives: The primary objective of this thesis is to explore the associations of lifetime 

occupational exposure to MAHs and lung cancer risk. Secondary objectives include 1) 

investigating these associations stratified by smoking status, and, 2) exploring the associations 

between MAH exposures and major histological types of lung cancer. 

 

Methods: The data used in this thesis is from a Montréal-based case-control study of lung cancer 

conducted by a team of researchers led by Dr. Jack Siemiatycki of l’Université de Montréal. The 

final study population was comprised of male Canadian citizens with a total of 733 cases of lung 

cancer and 894 controls frequency matched on age and sex. Multivariate unconditional logistic 

regression was performed to assess the associations between MAH exposures and lung cancer. 

 

Results: Exposure to MAHs is suggestive of a slightly increased risk of lung cancer. Exposure to 

toluene and xylene is associated with an increased risk for adenocarcinoma of the lung. 

Substantial exposure to benzene is suggestive of an increased risk for squamous cell carcinoma of 

the lung. There is no evidence to suggest that the risk of lung cancer associated with exposure to 

MAHs differs according to smoking history.  
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Conclusions: The findings of this thesis suggest that occupational exposure to MAHs may be 

associated with increased risk of lung cancer. These findings contribute to the literature, which 

currently lacks quality studies reporting on the carcinogenic effects of toluene and xylene. In 

addition, these findings build on the growing body of evidence that suggests benzene-exposed 

workers are associated with an increased risk of lung cancer.   
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Chapter 1 

Introduction 

1.1 Overview and rationale 

 Lung cancer is the deadliest cancer worldwide, affecting millions of people annually (1). 

In 2017, it is estimated that there will be over 26, 000 lung cancer diagnoses and over 17, 000 

deaths attributed to the disease in Canada (2). The incidence of lung cancer among males in 

Canada has plateaued and decreased in recent decades, which is thought to be due to the 

reduction in the national smoking rate. It is estimated that 85-90% of all Canadian lung cancer 

diagnoses are attributed to primary cigarette smoke (3). However, non-smoking related lung 

cancer is an additional public health concern (4). A modest, but significant determinant of lung 

cancer is occupational exposures, which are estimated to contribute 5-20% of all male lung 

cancers worldwide (5–8). The breadth of occupational agents and practices that workers are 

exposed to on a daily basis poses a challenge in identifying a reasonable set of potential 

workplace hazards. Nevertheless, it is imperative that occupational environments are safe 

workplaces that mitigate harmful exposures.  

 The focus of this thesis is on three occupational agents: benzene, toluene, and xylene, 

which will be referred to as monocyclic aromatic hydrocarbons (MAHs) throughout this 

dissertation. MAHs are toxic chemicals that present in a variety of occupational settings. MAHs 

are essential feedstock for the petrochemical, pharmaceutical, rubber, and paint industries as well 

as natural constituents of petroleum-based products.  

 Currently, the body of evidence surrounding benzene exposure and lung cancer is 

inconsistent (9–28), while the associations between toluene and xylene exposure and lung cancer 

are unknown (29,30). The majority of past studies that have attempted to elucidate the 
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associations between MAH exposures and lung cancer suffer from poor exposure identification, 

uncontrolled/residual confounding by smoking and other occupational risk factors, and low 

power. Higher quality studies are needed to overcome some of these methodological flaws.  

1.2 Thesis objectives 

 The purpose of this thesis is to further understand the etiologic relationship between lung 

cancer and exposure to benzene, toluene, and xylene. The primary objective of this thesis is to 

investigate the associations between lifetime occupational exposure to MAHs and lung cancer. 

Secondary objectives include exploring the relationships of interest stratified by smoking status 

and exploring the associations between MAH exposures and major histological types of lung 

cancer. 

1.3 Overview of study design 

 This thesis project used data collected from a Montréal-based case-control study of lung 

cancer. This project was coordinated and executed from 1996-2001 and accrued a total of 1,259 

cases and 1,512 population-based controls frequency matched on age and sex. Consenting 

participants provided details on socio-demographic and lifestyle characteristics as well as 

complete occupational histories. An expert team of industrial chemists and hygienists reviewed 

participant information and translated participants’ occupational histories into a list of 294 

possible occupational exposures, including MAHs.  

1.4 Thesis organization 

 This thesis conforms to the Queen’s University School of Graduate Studies and Research 

Guideline “General Forms of Thesis”. The second chapter provides a summary of lung cancer 

epidemiology, the current bodies of literature surrounding benzene, toluene, and xylene, and a 

brief overview of occupational epidemiology. The third chapter outlines data collection 

procedures, study methodology, exposure assessment and conceptualizations, and statistical 
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analyses used to assess the objectives of this thesis. The fourth chapter is a manuscript that 

addresses the three objectives of this thesis. The fifth chapter presents additional results that add 

to the findings presented in chapter four. The sixth chapter is a general discussion of the results 

presented in chapters four and five, and addresses strengths and limitations, future directions, and 

the implications of this thesis.  
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Chapter 2  

Literature review 
	
 

2.1 Lung cancer epidemiology 

Lung cancer has an age-standardized incidence rate of 77 per 100,000 and 65 per 100,000 

in Canadian males and females, respectively, making it one of the most common cancer 

diagnoses across the nation (1). Despite lung cancer constituting 14% of all cancer diagnoses in 

Canada, lung cancer contributed to over 25% to all cancer mortalities in 2016 making it the 

deadliest cancer among Canadians (1). Traditionally, lung cancer has been considered a disease 

affecting Western societies, but it is fast becoming a growing concern in developing countries 

undergoing rapid industrialization, increased pollution, and changes in lifestyle habits, namely 

smoking behaviour. Globally, 1.69 million deaths were attributed to lung cancer in the year 2015 

with these numbers expected to increase in the coming decades (2). 

2.2 Lung cancer risk factors 

 Lung cancer is a complex, multifactorial disease that has a number of risk factors. The 

development of primary prevention strategies focused on tackling known modifiable risk factors 

remains an important goal for reducing the burden of lung cancer. The International Agency for 

Research on Cancer (IARC) defines Group 1 carcinogens as agents that possess sufficient 

evidence to conclude that they are carcinogenic. IARC defines Group 2A carcinogens as agents 

that possess evidence to suggest they are probably carcinogenic. Table 2.1 summarizes 

established (Group 1) and probable (Group 2A) risk factors for lung cancer as classified by 

IARC. The following subsections give brief overviews of the important determinants of lung 

cancer that have been classified by IARC as Group 1 or Group 2A risk factors.  
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2.2.1 Smoking 

 The most prominent risk factor for lung cancer is cigarette smoking (3). It is estimated 

that over 85% of Canadian lung cancer diagnoses can be attributed to smoking (4). Nearly 1 in 10 

lifelong smokers will develop lung cancer as a consequence of smoking. Smoking, however, is a 

modifiable risk factor that experiences a significant drop off in lung cancer risk if a smoker quits 

(5). In addition to primary cigarette smoking, second-hand smoke is thought to be a small, but 

significant contributor to the disease burden of lung cancer. It is estimated that 1.3% of lung 

cancer deaths, worldwide, can be attributed to passive cigarette smoke (6). A meta-analysis 

conducted by Taylor et al. of 55 studies has reported a pooled relative risk (RR) of 1.27 (95% CI: 

1.17, 1.37) for the association between second-hand smoke and lung cancer in non-smoking 

females (7). 

 Although smoking is the most important predictor of lung cancer, a 2005 report by Parkin 

et al. reported that non-smoking related lung cancer was the seventh leading cause of cancer 

mortality globally in 2005 (8). This statistic is somewhat dated, but nevertheless highlights the 

need to identify additional socio-demographic, lifestyle, environmental, and occupational risk 

factors for lung cancer that inform on primary prevention strategies. 

2.2.2 Socio-demographic characteristics and lifestyle behaviours 

 Socioeconomic status (SES) is an important predictor of cancer outcomes, including lung 

cancer. Measures of SES that have been shown to be positively associated with lung cancer 

include low education and low income (9–11). Limited access to healthcare, poorer diagnostic 

intervals, smoking behaviours, and diets rich in fats and sugars are some of the hypotheses that 

underlie these associations. In addition to SES, age is an established risk factor for lung cancer. 

Over 95% of Canadian lung cancer cases are over the age of 50 at the time of diagnosis, with the 

bulk of cases occurring in persons 70 years and older (1). Although sex in and of itself is not a 

clear risk factor for lung cancer, men do have poorer 5-year survival and higher mortality than 



	
	

9	

females, which is thought, in part, to be due to smoking behaviours (12,13). There is substantial 

variation in lung cancer incidence among different ethnicities. In the United States, African-

American men have the highest age-standardized incidence rate of lung cancer, followed by 

Caucasians (14). It is difficult to explain why there are disparities between ethnic groups because 

the relationship between genetic factors and lung cancer is not fully understood. However, ethnic 

differences in lung cancer incidence rates could be attributed to cultural differences and smoking-

related effects (15–17).  

 Important lifestyle behaviours that have been associated with lung cancer include diet, 

exercise, and alcohol consumption. A 2012 report from the European Prospective Investigation 

into Cancer and Nutrition (EPIC) study demonstrated that individuals who adhere to the 

recommendations outlined by the American Institute of Cancer Research (AICR) and World 

Cancer Research Fund (WCRF) were less likely to develop cancer than those who do not adhere 

to the recommendations (18). The AICR-WCRF recommend individuals maintain a normal 

weight, exercise regularly, and eat a diet high in plant foods and whole grain cereals while 

avoiding sugary and alcoholic drinks, red meats, salt, and salt-preserved foods. Studies that have 

investigated individual components of the recommendations listed by the AICR-WCRF in 

relation to lung cancer have corroborated the findings from the EPIC study. The consumption of 

fruits and vegetables has demonstrated protective effects for lung cancer (19,20), while the 

consumption of cured meats and deep fried foods has shown to be associated with an increased 

risk of lung cancer (21–23). Moderate and vigorous physical activity has shown a protective 

effect for lung cancer (24). Alcohol consumption, regardless of type, is suggestive of an increased 

risk for lung cancer, but issues of confounding by smoking are present in studies investigating 

this association (25,26). The mechanisms underlying lifestyle behaviours and lung cancer risk are 

not fully understood and could be mediated through smoking behaviours. These measures could 

also be proxy measurements for unknown factors and could have important interactions with host 

genetic factors. 
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2.2.3 Environmental risk factors 

Two prominent environmental risk factors for lung cancer are air pollution and radon. 

Outdoor air pollution and its associated particulate matter have recently been classified by IARC 

as Group 1 carcinogens (27). Large cohort studies of Europeans and North Americans, which 

have adjusted for individual risk factors, reported positive associations between air pollution and 

lung cancer (28,29). Global estimates of the population attributable fraction (PAF) for air 

pollution on the mortality of lung cancer range from 8-16% (30). In addition to air pollution, 

radon is an important environmental risk factor that has been studied in both occupational and 

environmental settings. Miners that have high exposure to radon have been associated with 

significantly increased risk for lung cancer (31,32). Additionally, individuals with environmental 

exposure levels of radon, often occurring in basements of homes, are associated with slight 

increases in lung cancer risk relative to unexposed individuals (33,34). 

2.2.4 Occupational risks factors 

 It is estimated that occupational exposures may contribute 5-20% to all male lung cancer 

cases (35–38). Occupational settings have a diverse array of physical and chemical exposures, 

most of which have not been thoroughly examined with respect to their toxicity and 

carcinogenicity. However, a number of occupations and occupational agents have been classified 

by IARC as Group 1 or Group 2A carcinogens.  

 Thorough reviews of occupational lung cancer risk factors and their sources can be found 

elsewhere (39,40). In short, important occupational risk factors for lung cancer include asbestos, 

crystalline silica, heavy metals, polycyclic aromatic hydrocarbons (PAHs), and diesel exhaust 

fumes (41,42). In addition to individual agents, several occupations have been identified as 

determinants of lung cancer. Painters, rubber manufacturing workers, coke production workers, 

coal gasification workers, iron and steel foundry workers, and aluminum production workers are 

occupations that are associated with an increased risk of lung cancer (41).  



	
	

11	

 There is evidence that suggests a number of possible and probable lung carcinogens 

warrant reevaluation by IARC. Cooking fumes and printing processes are just two of the 

agents/activities that are suggestive of increased lung cancer risk. The large number of established 

and potential occupational risk factors for lung cancer highlights the importance of non-smoking 

related lung cancer and the extent to which lung cancer could be prevented. However, challenges 

remain in compiling sufficiently valid bodies of evidence that demonstrate a positive association 

between occupational agents and lung cancer.  

2.3 Overview of occupational epidemiology  

Historically, there has been success in examining the health-related effects of chemical 

agents within occupational settings. Occupational circumstances often provide consistent, 

prolonged, and sufficiently high exposure levels that facilitate the meaningful exploration of 

potential associations with multiple cancer sites.  

A typical study methodology that is used to assess carcinogenic associations with 

occupational agents is the retrospective cohort design. Retrospective cohort studies of workers are 

efficient study designs that allow for the investigation of multiple associations. Data collection is 

facilitated by adequate record keeping of job titles and duration of employment for workers. 

Valid identification of cancer outcomes can be performed via data linkage with cancer databases.  

However, a significant limitation of the retrospective cohort study design is its inability to 

accurately capture study participants’ entire occupational histories. Subjects of a retrospective 

occupational cohort may have held multiple jobs over their lifetime, which is often not accounted 

for in data collection procedures. Moreover, covariate information on lifestyle factors, such as 

smoking and dietary habits cannot be obtained from basic work records. The lack of information 

regarding participants’ entire occupational histories and covariate information can lead to 

uncontrolled confounding, which limits the ability to make strong conclusions. This is especially 
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true for lung cancer associations, which are susceptible to confounding by socioeconomic, 

lifestyle, environmental, and occupational risk factors. 

2.4 Monocyclic aromatic hydrocarbons 

 The focus of this thesis is on the associations between lung cancer and occupational 

exposure to benzene, toluene, and xylene, which from herein will be referred to as monocyclic 

aromatic hydrocarbons (MAHs) (see Appendix A for chemical structures). Currently, MAHs are 

not considered lung carcinogens. However, the most recent IARC evaluation of benzene 

acknowledged the growing evidence of an association between benzene-exposed workers and 

lung cancer (43). Toluene and xylene have been less extensively researched with respect to any 

cancer type. Table 2.2 summarizes the current body of literature regarding MAH exposures and 

lung cancer. The following sections provide substantive backgrounds of benzene, toluene, and 

xylene. 

2.5 Substantive background of benzene 

2.5.1 Production and uses of benzene 

  The majority of benzene production is from petrochemical refining of crude oil (44). 

Benzene is an MAH that is used as a solvent/reagent in a variety of commercial and industrial 

practices and processes. It is estimated that 375, 000 Canadian workers are exposed to benzene 

with the majority of exposure occurring at low concentrations (45). Benzene is an essential 

chemical feedstock for the rubber, printing, pharmaceutical, pesticide, and petrochemical 

industries. In addition to its industrial applications, benzene is a constituent of gasoline, paints, 

adhesives, and cleaning products that are used commercially and residentially (44). 

2.5.2 Metabolism and epidemiologic evidence of benzene 

Benzene is primarily metabolized with oxidizing cytochrome P450 enzymes in the 

human liver (44). It is thought that the metabolites of benzene (phenols, catechols, and quinones) 
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are toxic and carcinogenic rather than benzene itself (44). There is a substantial body of evidence 

to suggest benzene, its metabolites, or both are associated with chromosomal aberrations and 

genotoxicity in humans (46).  

There is sufficient evidence that benzene exposure is associated with acute myeloid 

leukemia that IARC classifies benzene as a Group 1 carcinogen (43). However, the epidemiologic 

evidence concerning the association between benzene exposure and lung cancer is less clear. The 

most recent IARC monograph on benzene cited a host of cohort studies of petroleum workers and 

chemical workers that reported no association between benzene-exposed workers and lung cancer 

(47–64). However, a thorough review of these retrospective cohort studies revealed that the 

majority lacked direct assessment of benzene exposure, which limits the strength of conclusions 

to be drawn from these cohorts. Also included in the IARC monograph on benzene, however, are 

a number of cohort studies with direct assessment of benzene exposure that reported positive 

associations between benzene-exposed workers and lung cancer (65–70).  

 The strongest evidence of a positive association between benzene exposure and lung 

cancer is presented in three follow-ups of a Chinese cohort of benzene-exposed workers 

(66,67,69). All three follow-ups of this cohort demonstrated that benzene-exposed workers are at 

a greater risk of lung cancer relative to unexposed workers (risk estimates ranging from 1.2-2.31) 

(66,67,69). The second follow-up, conducted in 1996 by Hayes et al., demonstrated a dose-

response relationship between benzene exposure and lung cancer (67). The most recent follow-up 

of this cohort, conducted in 2015 by Linet et al., which had over 1,500,000 years of person-years 

of follow-up, reported a RR of 1.5 (95% CI: 1.2, 1.9) for lung cancer in male benzene-exposed 

workers relative to unexposed workers (69). Despite this cohort providing the strongest evidence 

that benzene-exposed workers are at a greater risk of lung cancer, issues of inconsistent exposure 

assessment and uncontrolled confounding limit the conclusions to be drawn from this study. 

Across each follow-up, the authors failed to adjust for smoking and occupational co-exposures 

that could confound the association between benzene and lung cancer. Furthermore, as illustrated 
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in Table 2.2, each follow-up used a different exposure assessment strategy, which raises concerns 

over why such varied exposure assessment methodologies were implemented.  

 The positive findings of the Chinese cohort are supported by Collins et al., which 

reported that U.S. shoe manufacturing workers who were exposed to benzene concentrations in 

excess of 100 ppm for more than 40 days were associated with a SMR of 1.6 (95% CI: 1.1, 2.3) 

for lung cancer (70). However, Collins et al. did not report that the risk of lung cancer is 

proportional to the number of days a worker was exposed to high levels of benzene. Furthermore, 

Collins et al. reported that cumulative benzene exposure is not associated with increased lung 

cancer risk in their study population. Nevertheless, the positive finding reported by Collins et al. 

is supported by a U.K. cohort of factory workers that found an SMR of 121 (95% CI: 107-135) 

for lung cancer in benzene-exposed workers relative to the general population (68). However, the 

authors of the U.K. cohort, Sorahan et al., claimed that the elevated SMR of lung cancer among 

benzene-exposed workers was likely the artefact of uncontrolled confounding by PAHs and 

foundry fumes. To complicate matters further, an editorial authored by Beach and Burstyn 

rebuked the confounding argument presented by Sorahan et al. with Beach and Burstyn 

contending that a positive association between benzene exposure and lung cancer may exist (71).  

Indeed, there is evidence to suggest that benzene-exposed workers may be at a greater 

risk of lung cancer, but there is an ongoing debate of whether a true association exists. It is 

challenging to distil a clear message from the literature due to inconsistent findings, varied 

exposure assessment methodologies, and issues of uncontrolled confounding. For nearly every 

positive association that is uncovered there are methodological flaws of the study design or 

contradicting evidence presented in the same study, which limits the ability to make causal 

inferences. Furthermore, seven cohort studies of benzene-exposed petroleum/chemical workers 

have reported statistically significantly decreased SMRs for lung cancer relative to general 

populations (48,49,55,56,58,59,61). If there is to be progress made in uncovering whether a true 
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relationship exists between benzene exposure and lung cancer, then a much clearer understanding 

of the etiologic relationship is needed.  

2.5.3 Experimental evidence 

In vitro evidence 

There is not a large body of in vitro evidence to support the association between benzene 

exposure and lung cancer. A recent study conducted by Mascelloni et al. reported that benzene 

exposed human A549 lung epithelial cells demonstrated concentration-dependent DNA damage 

and increased production of reactive oxygen species relative to unexposed cells (72). However, 

there is little consistency in the literature regarding the associations of benzene exposure with 

specific cellular outcomes in in vitro models. 

Animal evidence 

There has been extensive research conducted on mice and rats that has shown benzene 

exposure was carcinogenic in multiple sites, including the lung. IARC deemed that the level of 

evidence linking benzene exposure and cancer in animals is sufficient to classify it as a Group 1 

(43).  

2.6 Toluene 

2.6.1 Production and uses of toluene 

The majority of toluene production is from petrochemical refining (73). Toluene is an 

important derivative of petrochemical processes that reform products distilled from crude oil (73). 

Toluene is primarily used as a solvent in a number of industrial applications ranging from 

adhesive, paint, and plasticizer production (73). In addition to its presence in gasoline, it is a 

component of a number of household products, such as degreasers, inks and toners, cleaning 

products, and sealants (73).  
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2.6.2 Metabolism and epidemiologic evidence of toluene 

Toluene undergoes oxidation in the human liver by CYP enzymes to yield hippuric acid, 

which is excreted via the urine (73). The current body of literature surrounding the genotoxicity 

of toluene is inconclusive. Several studies reported elevated rates of sister chromatid exchanges 

and higher comet assay scores among toluene-exposed workers, but the level of evidence is 

insufficient to warrant definitive conclusions (74–76).  

The latest IARC monograph on toluene deemed it to be unclassifiable with respect to 

human carcinogenicity (Group 3) (77). The decision by IARC is based on the incompleteness and 

inconclusiveness of the body of literature surrounding the associations between toluene exposure 

and any cancer site. There have been three cohorts and a case-control study that reported no 

association between toluene exposure and lung cancer (78–81). However, three cohorts of 

toluene-exposed workers have demonstrated increased risks for lung cancer (82–84).  

Svensson et al. reported a positive association between toluene exposure and lung cancer 

in a Swedish cohort of 1020 male rotogravure workers (82). Rotogravure is an extension of the 

printing industry, which produces magazines, postcards, and designed packaging. Svensson and 

colleagues reported a SMR of 176 (95% CI: 103, 290) for respiratory tract cancers in rotogravure 

workers relative to the general population, but issued caution in interpreting their findings for 

several reasons. First, the study failed to adjust for important lung cancer determinants, such as 

smoking history and other workplace solvents. Second, Svensson et al. described imprecision and 

low specificity in an exposure instrument, which used a silica gel to adsorb toluene and then the 

adsorbed toluene was reconstituted and analyzed. Third, when Svensson et al. implemented an 

exposure duration and latency restriction the association between respiratory cancers and toluene 

exposure was no longer significant. Despite suggestive evidence of a positive association between 

toluene exposure and lung cancer only cautious inferences can be made regarding this particular 

study. However, there is supporting evidence that toluene-exposed rotogravure workers may be at 

a greater risk of lung cancer. 
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A cohort of rotogravure workers in Germany reported an SMR of 123 (95% CI: 81, 192) 

for lung cancer relative to the general German population (84). Wiebelt and Becker claimed that 

toluene was the primary solvent used in the cohort of German rotogravure workers and that it was 

relatively pure. However, Wiebelt and Becker did not directly assess participants’ toluene 

exposure, but rather recorded ambient toluene concentrations in the rotogravure factories. 

Participants’ individual information on smoking and past occupational experiences was not 

collected in this study. The SMR reported by Wiebelt and Becker did not achieve statistical 

significance and could be an artefact of uncontrolled confounding by additional workplace 

exposures. While the two cohorts were suggestive of increased lung cancer risk among 

rotogravure workers exposed to toluene, strong conclusions cannot be made regarding these 

findings. 

An additional study conducted by Walker et al. reported a SMR of 156 (95% CI: 122, 

199) for the association between exposure to solvents and lung cancer in a cohort of male shoe 

manufacturing workers (83). Walker et al. argued that solvent exposure in their study population 

primarily consisted of toluene, but acknowledged that their exposure measure could have 

contained benzene and other organic solvents. In an attempt to better understand the etiologic 

relationship between solvent exposure and lung cancer Walker et al. attempted to expand their 

exposure definition of organic solvents by using information on latency and duration of exposure. 

While increased latency of exposure was suggestive of an elevated risk of lung cancer, increased 

duration of exposure to solvents was not. These inconsistent findings, as well as issues of 

uncontrolled confounding, detract from the overall results presented by Walker and colleagues. 

However, a more recent update of this cohort demonstrated that shoe manufacturing workers 

exposed to organic solvents were associated with an SMR of 136 (95% CI: 1.19, 1.54) for lung 

cancer relative to the general population (85).  

Similar to benzene, the current body of evidence regarding toluene exposure and lung 

cancer in humans is inconsistent and lacks quality studies that adjust for important covariates. 
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Attempts to expand definitions of toluene exposure to include dimensions of latency and duration 

often muddy the waters rather than crystallize the relationship. If the relationship between this 

particular MAH and lung cancer is to be better understood, a clearer picture of the association 

must be painted.  

2.6.3 Experimental evidence 

In vitro evidence 

There is limited in vitro evidence linking toluene exposure to lung carcinogenesis. There 

has been some evidence to suggest that toluene exposure was associated with decreased cell 

function/viability, but these findings were not suggestive of carcinogenicity (86,87). 

Animal evidence 

 There have been two undertakings to examine the carcinogenic effects of toluene 

exposure within rodents (88). Both studies reported no excess in neoplasms among exposed 

rodents relative to unexposed rodents. The most recent IARC monograph of toluene stated that 

there is evidence to suggest a lack of carcinogenicity in experimental animals exposed to toluene 

(77).  

2.7 Xylene 

2.7.1 Production and uses of xylene 

 Similar to benzene and toluene, xylene is predominantly produced via the refining of 

crude petrochemical products. Xylene is used in the paint, adhesive, printing, and rubber 

industries as a solvent. Xylene can be found in commercial products, such as fuels, varnishes, and 

inks. Xylene is also an important laboratory chemical that is used in slide preparation of 

histological tissue to make slide samples hydrophobic (89).  
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2.7.2 Metabolism and epidemiologic evidence of xylene 

Much like toluene, xylene undergoes several transformative oxidations in the human 

liver. Xylene is eventually converted to methylhippuric acid, which is excreted via the urine (89). 

Xylene is currently considered unclassifiable as a carcinogenic agent by IARC (Group 3) 

(77). There is limited research on the carcinogenic potential of xylene as an individual agent in 

humans. Most studies reporting on the carcinogenicity of xylene include other chemical solvents 

(usually benzene and toluene) in a single exposure assessment. Two xylene-related occupations, 

painters and rubber workers, are considered Group 1 carcinogens for lung cancer by IARC, but 

there is no evidence suggesting that xylene is driving these associations (90,91). A prior case-

control study of multiple cancer sites conducted by the Siemiatycki research team reported an 

increased risk of lung cancer associated with high levels of xylene exposure, but the study was 

underpowered to investigate this association due to small cell sizes and the association was not 

statistically significant (80). Anttila et al. conducted a case-control study in Finland for multiple 

sites of cancer and the authors reported no association between occupational xylene exposure and 

any cancer site, including lung cancer (78).  

Much like toluene, xylene is understudied with respect to its potential carcinogenicity. 

This is unsurprising given the complex nature of organic solvent exposure assessment and 

occupational circumstances, which rarely restrict worker exposure to one particular substance. 

Hypothesis-generating studies that begin to unravel the relationship between occupational 

exposure to xylene and lung cancer are needed to lay a foundation for future research that may 

inform on the carcinogenicity of this chemical.  

2.7.3 Experimental evidence  

In vitro evidence 

 In vitro evidence linking xylene exposure to cellular and/or DNA damage is limited. A 

recent study employing a novel method of solvent exposure to lung cells found a 50% reduction 
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in cell viability after exposure to benzene, toluene, and xylene (87). However, the authors did not 

make specific claims about the effects of xylene. Bakand et al. reported reduced cell viability in a 

dose-dependent manner for A549 human epithelial lung cells exposed to xylene (86).  

Animal evidence 

 While there is sufficient evidence in rodent studies to deem xylene a toxic chemical, there 

is insufficient evidence regarding its carcinogenicity in animals. IARC classified xylene as having 

inadequate evidence in experimental animals (92). 

2.8 Indoor sources of MAHs 

 Although the major contributors of environmental levels of MAHs are cigarette smoke 

and fuel combustion emissions, there is growing concern regarding the health effects of indoor 

sources of MAHs. Products containing MAHs, such as paints, adhesives, and floor lacquering 

emit low levels of MAHs within indoor environments. 

 A review of 21 epidemiologic studies conducted by Mendell reported that paint and 

plastics are two of the most common indoor chemical exposure sources that are associated with 

asthma, pulmonary infections, and allergic reactions in children (93). Mendell adds that aromatic 

hydrocarbons are suggestive of increased risk of these health outcomes in children, but these 

associations could be due to correlated exposures. No studies have been conducted to examine the 

long-term health effects of indoor MAH exposures. Methodologically, this would be a difficult 

undertaking, which would require prospective, repeated measurements of indoor environments 

over decades. Nevertheless, this could be an important public health issue as the majority of 

Canadians work, sleep, and attend school in indoor settings. 

2.9 Summary and rationale 

 The current body of literature regarding the associations between exposure to MAHs and 

lung cancer is incomplete. While evidence continues to accumulate for the association between 
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benzene and lung cancer, there are serious concerns regarding the validity of positive findings. 

The associations of toluene and xylene exposure with lung cancer remain understudied and no 

conclusions can be gleaned from the current state of the literature. 

This thesis project attempts to further elucidate the separate associations between 

benzene, toluene, and xylene exposure and lung cancer using a case-control design. The study 

used in this thesis gathered detailed information on participants’ occupational histories, lifestyle 

behaviours, and socio-demographic characteristics. The use of this information will attempt to 

address the issue of uncontrolled confounding, which has complicated interpretations of past 

studies of MAHs. The findings of this thesis will make an important contribution to the literature 

and may inform future carcinogenic evaluations of benzene, toluene, and xylene. 
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Table 2.1: Group 1 and Group 2A carcinogens for lung cancer 

Group 1 Group 2A 
Acheson process and related 
occupations 
 

Acid mists, strong inorganic 

Aluminum production Art glass, glass containers and 
pressed ware (manufacture of) 
 

Arsenic and inorganic arsenic 
compounds 

Biomass fuel (primarily 
wood), indoor emissions from 
household combustion of 
 

Asbestos (all forms) Bitumens, occupational 
exposure to hard bitumens and 
their emissions during mastic 
asphalt work 
 

Beryllium and beryllium 
compounds 
 

Carbon electrode manufacture 

Bis(chloromethyl) ether; 
chloromethyl methyl ether 
(technical grade) 
 

Alpha-chlorinated toluenes 
and benzoyl chloride 
(combined exposures) 

Cadmium and cadmium 
compounds 
 

Cobalt metal with tungsten 
carbide 

Chromium (VI) compounds 
 

Creosotes 

Coal, indoor emissions from 
household combustion 
 

Diazinon 

Coal gasification 
 

Fibrous silicon carbide 

Coal-tar pitch Frying, emissions from high-
temperature 
 

Coke production 
 

Hydrazine 

Engine exhaust, diesel Insecticides, non-arsenical, 
occupational exposures in 
spraying and application 

Hematite mining 
(underground) 

Printing processes 

Iron and steel founding 2,3,7,8-Tetrachlorodibenzo-
para-dioxin 

MOPP (vincristine-
prednisone-nitrogen mustard-
procarbazine mixture) 
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Nickel compounds 
 

 

Outdoor air pollution 
 

 

Painting 
 

 

Particulate matter in outdoor 
air pollution 
 

 

Plutonium  
 

 

Radon-222 and its decay 
products 
 

 

Rubber production industry 
 

 

Silica dust, crystalline 
 

 

Soot 
 

 

Sulfur mustard 
 

 

Tobacco smoke, secondhand 
 

 

Tobacco smoking 
 

 

Welding fumes 
 

 

X-radiation, gamma radiation  
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Table 2.2 Associations between MAHs and lung cancer 
 

MAH Author 
(year) 

Study 
type 

Study 
population 

Exposure 
assessment 

Exposure 
definition 

Risk estimate (95% 
CI) 
 

Benzene 
 
 
 

Bond et al. 
(1986) 

Nested 
case-
control 
 

U.S. chemical 
workers 
 

None Ever 
exposed 

OR: 0.8 (0.5, 1.3) 

Wong et al. 
(1987) 

Cohort  U.S. benzene-
exposed 
workers 

Expert 
assessment 

ppm-
months 
 
None 
<180 
180-719 
≥720 

SMR 
 
 
1.0 (ref.) 
1.3  
1.7 
0.7 
 

Yin et al. 
(1989) 

Cohort Chinese 
benzene 
exposed 
workers 
 

Measurement 
of ambient 
factory 
concentration 

Ever 
exposed 

SMR: 231 (95% CI 
not provided) 

Dagg et al. 
(1992) 
 

Cohort U.S. refinery 
workers 

None Ever 
exposed 

SMR: 75 (65, 86) 

Tsai et al. 
(1993) 
 

Cohort  U.S. 
petroleum 
workers 
 

None Ever 
exposed 

SMR: 70 (60, 90) 

Honda et al. 
(1995) 

Cohort U.S. 
petroleum 
workers 
 

None Ever 
exposed 

SMR: 90 (80, 100) 

Collingwood 
et al. (1996) 

Cohort U.S. chemical 
workers 
 

None Ever 
exposed 

SMR: 80 (60, 100) 

Satin et al. 
(1996) 

Cohort U.S. 
petroleum 
refinery 
workers 
 

None Ever 
exposed 

SMR: 90 (80, 100) 

Tsai et al. 
(1996) 

Cohort U.S. refinery 
and 
petrochemical 
workers 
 

None Ever 
exposed 

SMR: 81 (63, 103) 

Hayes et al. 
(1996) 

Cohort  Chinese 
benzene 
exposed 
workers 

Estimates 
derived from 
job titles 

Cumulative 
ppm-years 
 

SMR (95% CI not 
provided) 

 None 1.0 
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 <10 1.2 

 10-39 1.0 

 40-99 1.4 

 100-400 1.4 

 ≥400 1.7 
 

Pukkula et 
al. (1998) 

Cohort Finnish oil 
refinery 
workers 
 

None Ever 
exposed 

SIR: 90 (60, 120) 

Gerin et al. 
(1998) 
 

Case-
control 

Montréal, 
Québec 
population 
 

Expert 
assessment 

Cumulative 
exposure 
 
None 
Low 
Med/High 
 

 
 
 
1.0 (ref.) 
1.1 (0.6, 1.8) 
0.9 (0.4, 1.9) 
 

Consonni et 
al. (1999) 

Cohort Italian oil 
refinery 
workers 
 

None Ever 
exposed 
 

SMR: 107 (79, 143) 

Divine et al. 
(1999) 
 

Cohort U.S. refinery 
and 
petrochemical 
workers 
 

None Ever 
exposed 

SMR: 67 (61, 73) 

Wong et al. 
(2001) 
 

Cohort U.S. 
petroleum 
refinery 
workers 
 

None Ever 
exposed 

SMR: 74.1 (55.5, 
97.0) 

Sorahan et 
al. (2002) 
 

Cohort U.K. oil 
refinery and 
petroleum 
distribution 
workers 
 

None Ever 
exposed 

SMR for refinery 
workers: 86 (80, 91) 
 
SMR for petroleum 
distribution workers: 
100 (93, 108) 
 

Lewis et al. 
(2003) 
 

Cohort Canadian 
male 
petroleum 
workers 
 

None Ever 
exposed 

SMR: 70 (49, 98) 

Tsai et al. 
(2003) 
 

Cohort U.S. refinery 
and 
petrochemical 
workers 
 

None Ever 
exposed 

SMR: 73 (60, 97) 

Collins et al. Cohort U.S. shoe Expert 40 days SMR: 1.6 (1.1, 2.3) 
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(2003) manufacturing 
workers 
 

assessment 
and personal 
time-
weighted 
measurements 
 

exposure in 
excess of 
100 ppm 
 

Bloemen et 
al. (2004) 
 

Cohort U.S. chemical 
workers 

Expert 
assessment 

Ever 
exposed 
 

SMR: 100 (81, 121) 
 

Huebner et 
al. (2004) 
 

Cohort U.S. refinery 
and 
petrochemical 
workers 
 

None Ever 
exposed 

SMR: 80 (70, 90) 

Sorahan et 
al. (2005) 

Cohort U.K. factory 
workers 

Factory 
records  

Ever 
exposed 
 

SMR: 121 (107, 135) 
 

 Gun et al. 
(2006) 

Cohort Australian 
petrochemical 
workers 
 

None Ever 
exposed 

SMR: 69 (57, 83) 

Linet et al. 
(2015) 
 

Cohort Chinese 
benzene-
exposed 
workers 
 

Work records 
(time since 
first exposure, 
latency of 
exposure) 

Ever 
exposed 

RR: 1.5 (1.2, 1.9) 

Toluene Svensson et 
al. (1990) 

Cohort Swedish 
rotogravure 
workers 
 

Physical 
measurements 
of ambient 
concentration 
in workplace 
 

Ever 
exposed 

SMR: 176 (103, 290) 

Walker et al. 
(1993) 

Cohort U.S. shoe 
manufacturing 
workers 
 

None Ever 
exposed 

SMR: 156 (120, 199) 
 

Anttila et al. 
(1998) 

Cohort Finnish 
workers 
exposed to 
aromatic 
hydrocarbons 
 

Biological 
measurement 
and 
monitoring of 
workers 

Ever 
exposed 

SIR: 101 (41, 208) 

Lundberg et 
al. (1998) 

Cohort Swedish paint 
industry 
workers 
exposed to 
organic 
solvents 
 

Job titles Ever 
exposed 

SIR: 70 (0.3, 1.5) 

Gerin et al. Case- Montréal, Expert Cumulative OR (95% CI) 
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(1998) control Québec 
population 

assessment exposure 
 
None 
Low 
Medium 
High 
 

 
 
1.0 (ref.) 
0.9 (0.7, 1.3) 
0.7 (0.4, 1.6) 
1.1 (0.5, 2.7) 
 

Wiebelt et 
al. (1999) 
 

Cohort German 
rotogravure 
workers 
 

Ambient 
measurements 
of workplace 
concentration 
 

Ever 
exposed 

SMR: 123 (81, 192) 

Lehmen et 
al. (2006) 

Cohort U.S. shoe 
manufacturing 
workers  
 

None Ever 
exposed 

SMR: 136 (119, 154) 

Xylene Anttila et al. 
(1998) 

Cohort Finnish 
workers 
exposed to 
aromatic 
hydrocarbons 
 

Biological 
measurement 
and 
monitoring of 
workers 

Ever 
exposed 

SIR: 68 (14, 198) 

Gerin et al. 
(1998) 

Case-
control 

Montréal, 
Québec 
population 

Expert 
assessment 

Cumulative 
exposure 
 
None 
Low 
Medium 
High 

OR (95% CI) 
 
 
1.0 (ref.) 
0.9 (0.7, 1.3) 
0.7 (0.3, 1.5) 
1.6 (0.7, 3.8) 
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Chapter 3 

Methods 
	
	

3.1 Study objectives 

The objectives of this thesis are: 

1. To investigate the associations between lung cancer and lifetime occupational exposure 

to benzene, toluene, and xylene  

2. To assess the associations between lung cancer and lifetime occupational exposure to 

benzene, toluene, and xylene within two strata of smoking history 

3. To explore the associations between histological types of lung cancer and lifetime 

occupational exposure to benzene, toluene, and xylene   

3.2 Overview of study design 

 The data used in this thesis was from a Montréal based case-control study, which sought 

to investigate multiple occupational exposures in regards to lung cancer risk (principal 

investigator: Dr. Jack Siemiatycki). The study was conducted from 1996-2001 and successfully 

recruited 1,236 cases of lung cancer and 1,512 population-based controls. Study participation was 

made available to males and females of Canadian citizenship. A brief self-administered 

questionnaire (SAQ) accompanied a letter of invitation to participate and was sent to all eligible 

subjects. The SAQ included questions verifying the subject’s citizen status, contact information, 

and an overview of occupational history. Follow-up interviews were conducted, in person, with 

participants, which gathered greater detail on participants’ job titles, tasks, and the duration of 

employment in each job held. Expert assessment was used to retrospectively assign participants’ 

exposure to 294 occupational agents. Information on medical history, socio-demographic 
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characteristics, smoking behaviour, alcohol consumption, and other lifestyle factors was also 

obtained during the interview.  

The dataset used in this thesis has been extensively exploited in past research and is 

complete with respect to most variables. However, subjects with missing smoking information 

were excluded from analyses in this thesis. Additionally, females were excluded due to their 

extremely low exposure prevalences of benzene, toluene, and xylene. After restricting the study 

population to males and imposing exclusion criteria, 894 controls and 733 cases were available 

for analysis.  

3.3 Case ascertainment 

 Cases were recruited from 18 major hospitals in the greater Montréal area. Cases were 

eligible for study recruitment if they were aged 35-75 at the time of diagnosis.  

3.4 Selection of controls 

 Population-based controls were frequency matched on age and sex. Controls were 

randomly selected from electoral lists, which have undergone active and updated enumeration of 

households and are thought to accurately represent more than 98% of Canadian citizens residing 

in Québec. Controls were identified and approached according to the residence area distribution 

of cases.  

3.5 Response rates 

 In this study, 738 male cases were successfully recruited and completed the interview 

portion with a response rate of 86%. Of the 1,284 male controls approached, 899 agreed to 

participate and completed the interview portion of the study, representing a response rate of 70%.  

3.6 Data collection 

 After cases and controls had been identified, brief SAQs were sent to each prospective 

participant/proxy with an accompanying letter introducing the study and requesting an in-person 
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interview. The SAQ (See Appendices B and C) asked for a complete listing of all jobs ever held 

and if the prospective participant/proxy was willing to participate in the study. The SAQ provided 

investigators with background information that would facilitate a fruitful interview. For 

participants that had died, were too ill, or had difficulties with communication, interviews were 

conducted with a proxy respondent, usually a spouse, whenever possible. An interviewer then 

collected more detailed information on socio-demographic characteristics, lifestyle behaviours, 

and employment history. Interviews consisted of two parts. First, a structured section that 

obtained information on lifestyle and socio-demographic characteristics. Second, a semi-

structured section elicited information regarding each job held by a participant. Each job held by 

a participant was coded using the CCDO (Canadian Classification and Dictionary of 

Occupations) system (1). During the semi-structured portion of the interview, the interviewers, 

specially trained by a team of chemists and hygienists, asked participants about job tasks, 

materials used, machinery operated, as well as details concerning participants’ surrounding work 

environment. Exposure to specific solvents, chemicals, and oils was probed as well as 

preventative safety measures undertaken and why such measures were implemented. For some 

occupations supplementary questionnaires specific to the given occupation were used to obtain 

more detailed technical information (2). 

3.7 Exposure assessment 

A thorough review of the exposure assessment methodology used in this study can be 

found elsewhere (3,4). Once the interviewer had compiled the comprehensive work history of a 

participant, an expert team of chemists and industrial hygienists, blinded to case-control status, 

reviewed the interview details. This team of chemists and industrial hygienists would, by 

consensus, assign exposures for each job held from a list of 294 substances, including benzene, 

toluene, and xylene. Workplace exposures were coded with confidence, frequency, and 

concentration scores.  
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The experts assigned the degree of certainty that a participant was exposed to a substance 

in the workplace with a confidence score. Confidence scores ranged from 1-3 with 3 denoting 

certain exposure, 2 denoting probable exposure, and 1 denoting possible exposure. For each of 

the MAHs assessed, the team of coders established occupational benchmarks to assign high, 

medium, and low concentration scores. For instance, a paint mixer would be assigned a high 

concentration exposure score to toluene while a machinist would receive a low concentration 

exposure score to toluene. Coupled with the assigned concentration score was an estimate of the 

frequency of exposure. This allowed for a precise assessment of the combined exposure 

frequency and concentration a participant experienced. For example, a participant could have 

been exposed to benzene for 2 hours per day at high concentration as well as 1 hour per day spent 

at low concentration. Lastly, the duration of exposure was considered as the number of years a 

participant held a job in which the relevant exposure occurred. 

The team of chemists/industrial hygienists that coded participant exposures spent over 40 

person-years developing methodology, monitoring interview quality, and reviewing and coding 

participant exposures. This was an exhaustive attempt to accurately capture participants’ potential 

exposures to 294 occupational agents.  

3.8 Conceptualization of MAH exposure 

Each MAH (benzene, toluene, and xylene) were considered separate exposures and were 

assessed and defined in identical fashion. To account for the issue of latency all occupational 

exposures, MAHs included, occurring within five years of diagnosis (for cases) or study 

enrollment (for controls) were excluded. Subjects were considered exposed to an occupational 

agent only if the exposure confidence assigned by coders was probable or certain. Subjects were 

considered unexposed if they were coded as never been exposed to a MAH or if their exposure 

confidence was considered possible.  
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3.8.1 Manuscript definitions of MAH exposure 

Participants were considered ever exposed to an MAH if they had been assigned any 

frequency and intensity of exposure along with any duration greater than or equal to one year. 

This liberal definition of MAH exposure was considered an umbrella conceptualization of MAH 

exposure that houses subsequent, stricter definitions. For participants that were ever exposed to 

MAHs, the duration of exposure was dichotomized into categories of 10 years or less and greater 

than 10 years. Among ever exposed participants, the average intensity of exposure to each MAH 

was calculated across all jobs using an ordinal scale of 1-5-25 to define low, medium, and high 

exposure concentrations (See Appendix D for sample calculation). Subsequently, participants’ 

average intensity of exposure to an MAH was categorized into three groups: low (<5), medium 

(5-15), and high (≥15). Lastly, a substantial exposure metric, encompassing dose and time, was 

built using strict guidelines of frequency and concentration dimensions. Specifically, substantially 

exposed participants must have been exposed to MAHs at medium or high categories of intensity 

for more than 5% of a typical 40-hour workweek (i.e. 2 hours) for five or more years. Participants 

who were ever exposed to MAHs but who did not meet the criteria of substantial exposure were 

classified as having nonsubstantial exposure.  

3.8.2 Additional definitions of MAH exposure 

A synthetic cumulative dose to MAHs was calculated for each participant and 

subsequently categorized. Using an ordinal scale of 1-5-25 to denote low, medium, and high 

categories, respectively, for concentration of exposure, the sum product of concentration, 

frequency, and duration of exposure was calculated over all jobs held for each subject (See 

Appendix E for sample calculation). After cumulative doses of MAH exposures were calculated 

for each participant, the distributions of cumulative MAH exposures among controls were 

examined. Using a priori selected percentile cut points defined by the control distributions, 

unexposed, low, medium, and high categories of cumulative MAH exposures were established; 
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unexposed (0%), low (0 – 50%), medium (≥50 – 90%), and high (≥90 – 100%). This approach 

has been implemented by the Siemiatycki research team (5). 

In addition to calculating cumulative exposure to MAHs, the era of first exposure to 

MAHs was defined. Among ever-exposed subjects, the era of first exposure to MAHs was 

defined as prior to or occurring in the year 1960 and post 1960. Although the detrimental health-

effects of benzene were known for decades, it wasn’t until 1974 that IARC reviewed and assessed 

benzene’s relationship with leukemia. Despite that, benzene use within industries had been on the 

decline leading up to its first IARC evaluation due to its well-known toxic effects. In addition, 

workplace safety in North America and Europe gathered momentum in the 1960s and 1970s with 

numerous changes in occupational exposure limits for benzene occurring from 1940-1960 (6). 

The year 1960 was chosen as a clean cutoff point for defining two eras of first exposure to MAHs 

because it not only served to equally divide the study population into two categories of era of first 

exposure to MAHs, but there were also regulatory changes that were brought about in this decade 

to improve worker safety. 

Lastly, exposure to any MAH was defined if a participant had ever been exposed to any 

of benzene, toluene, and/or xylene. This definition of ever exposure to any MAH was a catchall 

variable that did not distinguish between exposure to one MAH, two MAHs, or three MAHs.   

3.9 Participant characteristics 

 Age, years of schooling, median household income, ethnicity, smoking history, and 

respondent status were considered characteristics of interest in our study population. Age was 

measured continuously in years as the age of study recruitment, and subsequently categorized into 

<55, 55-64, and 65+. The education of study participants was considered continuously as the 

number of years of schooling, and categorized into elementary level education, secondary level 

education, and post-secondary level education. Income was defined continuously as the median 

household income of the postal code in which the participant lived and subsequently categorized 
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into groups of < $35,000, $35-45,000, and > $45,000. Ethno-linguistic group was defined into 

seven groups in the initial coding: Francophone, Anglophone, Arabic, Italian, Jewish, Spanish, 

and Asian. Due to the limited number of participants in several ethnic categories, ethnicity was 

redefined as three groups: Francophone, Anglophone, and Other. Smoking history was defined 

with smoking status (current, former, nonsmoker), duration of smoking (years), time since 

cessation (years), and cigarette-years (an analogue of pack-years), and the cumulative smoking 

index. Respondent status was defined as self or proxy respondent.  

3.10 Smoking assessment 

To best represent participants’ smoking history this thesis implemented the cumulative 

smoking index (CSI) method described by Leffondré et al (7,8). The CSI is a measure of smoking 

history that facilitates a precise, parsimonious model and is based on a risk model derived from 

our study population. The CSI aggregates three parameters of smoking history: binary smoking 

status (yes/no), cumulative amount smoked (log-transformed pack-years), and a categorical 

estimate of years since quitting (0-2, 3-5, 6-10, 11-15, 16+). Participants were deemed smokers if 

they have smoked at least 100 cigarettes in their lifetime. 

3.11 Occupational exposures 

 In addition to evaluating and subsequently controlling for a number of socio-

demographic and lifestyle variables, we attempted to adjust for occupational exposures that could 

confound the relationships of interest. Occupational exposures were considered candidate 

confounders if they have been classified as Group 1 or 2A carcinogens by IARC with sufficient 

evidence regarding lung cancer and if data had been collected on these exposures. Occupational 

exposures were assessed using the same expert exposure assessment criteria as MAHs. For the 

purpose of this thesis a number of occupational exposures were amalgamated into composite 

variables. Composite occupational exposure variables were built if exposures were moderately to 

strongly correlated and if they are likely to occur together in occupational circumstances. 
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Composite variables included ever exposure to metals (any of cadmium, chromium, nickel, or 

aluminum), ever exposure to coal-related exposures (any of coal dust, coke dust, soot, and pitch 

and tar), ever exposure to rubber-related exposures (any of rubber dust and vinyl chloride), ever 

exposure to asbestos (amphibole and chrysotile). The rationale behind generating a single 

variable for a set of correlated exposures was based on parsimony and to reduce issues related to 

multicollinearity. Other occupational exposures, such as diesel, crystalline silica, PAHs, and 

wood dust were considered discrete variables. 

3.12 Statistical analyses 

 All statistical analyses were performed using SAS version 9.4© (SAS Institute Inc.). 

Statistical significance was reached for estimates associated with a p-value of ≤ 0.05. Descriptive 

statistics of study subjects were produced prior to statistical analyses of main objectives. 

Continuous variables are described using means and standard deviations and categorical variables 

are represented as proportions. All logistic regression models used the unexposed category as the 

referent.  

3.12.1 Objective 1: Lifetime occupational MAH exposure and lung cancer 

Separate unconditional multivariate logistic regression models (9) were used to estimate 

odds ratios (ORs) and 95% confidence intervals (95% CIs) for lung cancer associated with 

occupational exposure to benzene, toluene, and xylene. MAH exposure definitions included ever 

exposure, duration of exposure, average intensity of exposure, and substantial/nonsubstantial 

exposure. Minimally adjusted risk estimates were obtained from models adjusted for age and 

cigarette smoking (CSI).  

To obtain fully adjusted risk estimates, a number of a priori risk factors for lung cancer 

were routinely controlled for in our analyses. Age, respondent status, ethnicity, median household 

income, years of schooling, and cigarette smoking history (CSI) were forced into all fully 

adjusted models. Age, median household income, years of schooling and the CSI were 
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represented as continuous variables in our statistical models, while respondent status and 

ethnicity were considered categorical variables. Alcohol use and occupational exposures were 

considered candidate confounders. A backward deletion selection strategy, using a p-value of 

0.20, was used to identify candidate confounders as risk factors associated with lung cancer using 

ever exposure definitions of MAHs. Fully adjusted models controlled for a priori risk factors as 

well as occupational exposure to crystalline silica, diesel, and coal-related exposures. All 

subsequent logistic regression models using different definitions of MAH exposure used 

confounders identified from ever exposure models. 

3.12.2 Objective 2: MAH-lung cancer associations within two smoking populations 

 The subject of exploring the cancer risk of MAH exposures in smokers and nonsmokers 

has not been extensively researched. One study reported that the risk of lung cancer associated 

with benzene exposure was stronger in smokers versus nonsmokers (10). However, the authors of 

the study did not report detailed findings and offered little interpretation of their finding. 

Nevertheless, this finding is perhaps biologically plausible given that benzene is a known 

component of cigarette tar and smokers regularly dose themselves with benzene via the inhalation 

of cigarette smoke. It could be possible that smokers who are occupationally exposed to MAHs 

may be at a greater risk of lung cancer due to the constant dosing of MAHs in the workplace and 

outside the workplace. We would expect that risk of lung cancer associated with occupational 

exposure to MAHs would be stronger in smokers versus nonsmokers. 

The associations between occupational MAH exposures and lung cancer were assessed 

within two smoking strata of our study population. Two categories of smoking were created using 

the distributional cutoff points of the CSI: low-intensity/nonsmokers and moderate/high intensity 

smokers. Lifetime low-intensity smokers, who occupied the lowest 25th percentile of the CSI, 

were categorized with never smokers due to the low prevalence of never smokers in the study 

population. Moderate/high intensity smokers were subjects with CSI values greater than the 25th 
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percentile. ORs and 95% CIs were obtained using interaction terms in logistic regression models. 

Ever exposure and substantial/nonsubstantial exposure definitions of MAHs were used in these 

analyses. 

3.12.3 Objective 3: MAH associations within histological types of lung cancer 

 The magnitude of lung cancer risk associated with cigarette smoke is known to differ 

among the histological types of the disease (11). Squamous cell carcinoma and small cell 

carcinoma of the lung are the two histological types that are most strongly related to cigarette 

smoking. The relative proportion of histological types of lung cancer in Canada has changed over 

recent decades with adenocarcinoma of the lung now comprising approximately 40% of all lung 

cancer diagnoses, while the proportion of squamous cell carcinoma diagnoses has dropped (12). 

This is likely reflective of changing smoking behaviours in Canada, where the national smoking 

rate has significantly decreased. In the context of occupational exposures and lung cancer risk, it 

could be informative from an etiologic perspective to understand how MAHs are associated with 

histological types of lung cancer. If MAHs are associated with stronger lung cancer risk in 

smokers versus nonsmokers, it could be that MAHs are more strongly related to the histological 

types of lung cancer that are more strongly associated with smoking. If this is true, then we 

expect MAH exposures to be more strongly associated with squamous cell carcinoma and small 

cell carcinoma of the lung. 

Associations between occupational exposure to MAHs and the three main histological 

types of lung cancer (adenocarcinoma, squamous cell carcinoma, small cell carcinoma) were 

assessed. Polytomous multivariate logistic regression was used to estimate ORs and 95% CIs. It 

is worth noting that a category of other histological types was retained in analysis, but the results 

associated with other cancer types are not reported in this thesis due to small numbers and a 

heterogeneous outcome category. Ever exposure and substantial/nonsubstantial exposure 

definitions of MAHs were used in these analyses. 
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3.12.3 Exploratory Objectives 

	 Three additional definitions of MAH exposure were explored. First, cumulative exposure 

to MAHs was represented categorically in logistic regression models using unexposed, low, 

medium, and high categories. Second, era of first exposure to MAHs was represented by a three 

level categorical variable: unexposed, first exposure 1960 or before, and first exposed after 1960. 

Third, exposure to any MAH was investigated using a binary exposure metric: unexposed to 

MAHs, and exposed to any MAH.  

3.12.4 Sensitivity analyses 

 The MAH-lung cancer relationships were examined within self-responding subjects to 

assess if a difference in risk exists in all study subjects versus self-responding subjects. A second 

sensitivity analysis was performed to assess how a different confounder selection strategy would 

change our main effects estimates. A change in estimate approach to confounder selection (13) 

was used in conjunction with the backward deletion approach. Using benzene as the MAH of 

interest, candidate confounders selected via backward deletion were subjected to a change in 

estimate approach, using a 5% selection strategy relative to the fully adjusted model. 

3.13 Study power 

		 The analyses in this thesis used a number of different exposure parameterizations of 

MAH exposure, which corresponded to varying power estimates given their respective 

prevalences in the study population. An alpha value of 0.05 and ORs ranging from 1.2-2.0 were 

used to estimate the power associated with ever exposure and substantial/nonsubstantial exposure 

MAH metrics. The power to detect associations between each MAH exposure and lung cancer is 

summarized in Appendix F. Briefly, power estimates for ever exposure to MAHs was found to 

range from 73-85% using an OR estimate of 1.4 an alpha value of 0.05. The power to detect 

associations between substantial MAH exposures and lung cancer ranged from 75-91% using an 
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OR estimate of 2.0. Power calculations for ORs associated with MAH exposures and lung cancer 

within different smoking populations was not performed.  

3.14 Ethical considerations 

	 Study participants had given informed consent for their information to be used in future 

research. Ethics approval for this project was granted from the Health Sciences Research Ethics 

Board at Queen’s University in August 2016 (Appendix G). 
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ABSTRACT 

Investigating occupational exposure to monocyclic aromatic hydrocarbons and lung cancer in 

males of the metropolitan Montréal area 

Hunter Warden1, Harriet Richardson1, Lesley Richardson2, Jack Siemiatycki2, Vikki Ho2 

1 Department of Public Health Sciences, Queen’s University. 2 Medicine sociale et preventive, Université de Montréal, 
QC 
 
 
Background: Benzene, toluene, and xylene belong to a family of chemicals known as 

monocyclic aromatic hydrocarbons (MAHs). There is limited and inconclusive evidence to 

suggest that MAHs are associated with lung cancer. The aims of this research are to 1) assess the 

associations between lifetime occupational exposure to MAHs and lung cancer, 2) explore these 

relationships within two smoking strata, and 3) assess the associations between MAH exposures 

and histological types of lung cancer. 

 

Methods: The study used to investigate our objectives was a Montréal-based case-control study 

of lung cancer conducted from 1996-2001. Cases were accrued from the 18 largest hospitals in 

the greater Montréal area and controls were randomly selected from electoral lists and frequency 

matched on age and sex. Detailed occupational histories were obtained via interview, and experts 

reviewed interview transcripts in order to assess exposure to a list of 294 occupational agents. 

Odds ratios (ORs) and 95% confidence intervals (95% CIs) were estimated using unconditional 

multivariate logistic regression, adjusting for socio-demographic characteristics, smoking history, 

and occupational exposures. 

 

Results: Exposure to MAHs is suggestive of a slightly increased risk of overall lung cancer. 

Exposure to toluene and xylene is associated with adenocarcinoma of the lung, ORs of 1.50 (95% 

CI: 1.05, 2.14) and 1.65 (95% CI: 1.09, 2.51), respectively. Exposure to benzene is suggestive of 
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increased risk for squamous cell carcinoma of the lung, OR: 1.99 (95% CI: 0.87, 4.54). The risk 

of lung cancer associated with MAH exposures did not differ within two smoking strata. 

 

Conclusions: Our study provides evidence to suggest that occupational exposure to MAHs may 

be associated with lung cancer. Future studies are needed to corroborate our findings regarding 

the associations between toluene and xylene exposure and adenocarcinoma of the lung. 

Adenocarcinoma of the lung is the most common lung cancer diagnosis in the Western world and 

identifying determinants for this disease is an important public health concern. Our results could 

inform future carcinogenic evaluations of benzene, toluene, and xylene. 	  



	
	

51	

4.1 Background 

Lung cancer is the deadliest cancer worldwide, accounting for 1.69 million deaths in 

2015 (1). Though male lung cancer incidence has plateaued and decreased in the Western world 

over the last 25 years, increases are expected in Asia (1). Changes in lung cancer incidence in 

developed and developing countries is reflective of differing patterns in cigarette smoking habits, 

which is by far and away the strongest predictor of lung cancer. However, other determinants, 

such as occupational carcinogens, contribute significantly to the burden of lung cancer; it is 

estimated that 5-20% of male lung cancer diagnoses may be attributed to occupational exposures 

(2–5).  

Benzene is a ubiquitous chemical that is used in a variety of industries as a solvent and/or 

reagent. Its worldwide production exceeded 40 million tonnes in 2012 with China and the USA as 

the predominant producers and consumers (6). Despite being classified as a Group 1 carcinogen 

by the International Agency for Research on Cancer (IARC) (7), benzene remains an essential 

agent involved in the production of plastics, dyes, adhesives, pharmaceuticals, and pesticides with 

global production expected to exceed 50 million tonnes in 2017 (8).  

The emergence of benzene’s toxicity and carcinogenicity spurred change in a number of 

industries that sought safer alternatives to benzene. Toluene and xylene were pursued as chemical 

substitutes that proved to be successful replacements in some industrial applications. Increased 

regulation of benzene in occupational settings and the introduction of toluene and xylene to 

historically benzene-related industries have resulted in the co-existence of benzene, toluene, and 

xylene (herein collectively referred to as their chemical class, monocyclic aromatic hydrocarbons 

(MAHs)). Human exposure to multiple MAHs occurs in both environmental and occupational 

circumstances, which complicates accurate exposure assessment. In general, research of 

occupational environments offers research efficiency as occupational exposure levels tend to be 

higher than that of the general environment and valid exposure assessment methods are available. 
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Nevertheless, the epidemiologic and health-related research surrounding toluene and xylene is 

limited and both chemicals are considered unclassifiable (Group 3) by IARC (9). 

Overall, there have been a host of studies evaluated by IARC that have reported on the 

association between occupational exposure to benzene and lung cancer incidence/mortality (10–

36). The majority of studies considered by IARC are cohorts of petroleum and chemical workers 

that lacked direct assessment of benzene exposure and reported no association. Six studies, which 

specifically focused on benzene, have demonstrated increased lung cancer incidence and/or 

mortality among benzene-exposed workers (10–13,16,17). Fewer studies have examined the 

relationships between occupational toluene and/or xylene exposure and the risk of lung cancer 

with inconsistent findings (14,37–41). The common, albeit disputed (42), pitfall of previous 

studies that have examined the associations between occupational MAH exposure and lung 

cancer risk is the inability to adequately control for confounding. Although uncontrolled and/or 

residual confounding of tobacco smoking and alcohol consumption has not been shown to have 

substantial influence in occupational investigations into cancer etiology (43–46), the impact of 

confounding by occupational exposures and lifestyle behaviours is unknown for the MAH-lung 

cancer relationships. The present investigation assessed the associations between lifetime 

occupational MAH exposures and lung cancer and considered confounding by smoking and other 

occupational exposures. Additionally, we explored MAH-lung cancer relationships within two 

strata of smoking history and considered the associations between MAHs and the major 

histological types of lung cancer.  

4.2 Material and Methods 

4.2.1 Study population 

A thorough review of the study design and methodology can be found elsewhere (47–49). 

Briefly, male and female cases of lung cancer, between the ages of 35-75, were identified in the 

18 largest hospitals in the greater Montréal area. Eligible subjects were identified from 1996-
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2001, with 1,236 cases (471 females and 765 males; response rate=86%) and 1,512 population-

based controls (613 females and 899 males; response rate=70%) successfully recruited into the 

study. Controls were randomly selected from electoral lists and frequency matched to cases on 

age and sex. For this research, females were excluded due to low prevalence of MAH exposure. 

Subjects were also excluded if smoking information was missing. After applying the exclusion 

criteria, 733 cases and 894 population-based controls comprised the study population. 

4.2.2 Procedures and exposure assessment 

 The coordination and execution of data collection protocols and the expert-based 

approach to exposure assessment has been previously described (48). Participating subjects were 

interviewed in person and information on socio-demographic and lifestyle behaviours was 

collected as well as detailed job histories. For participants that had died, were too ill, or had 

communication difficulties that prevented them from being interviewed, a proxy respondent was 

used. For each job held by the study participant, the interviewer collected information on tasks, 

chemicals used, as well as the safety measures associated with each job. Using this information, a 

team of chemists and industrial hygienists expertly assessed potential exposure to 294 

occupational agents in each job held by a participant, including benzene, toluene, and xylene 

(47,48). Four dimensions of exposure were assigned: frequency, duration, intensity, and 

confidence. The frequency of exposure was measured by the number of hours spent at a given 

exposure intensity for a typical 40 hour workweek. The duration of exposure was derived from 

the number of years the participant held the job in which the exposure occurred. The intensity of 

the exposure was standardized into low, medium, and high categories using occupational 

benchmarks. Lastly, the confidence of exposure was expertly coded into three groups: possible, 

probable, and definite. 
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4.2.3 Exposure Conceptualization 

 Exposure to benzene, toluene, and xylene was conceptualized using four exposure 

metrics. All exposure metrics required that a participant had probable or definite exposure 

confidence. Additionally, all exposures occurring within five years of diagnosis were excluded to 

account for latency. First, ever exposure was considered: to be ever exposed to an MAH, 

participants could have been assigned any category of intensity of exposure, any number of hours 

exposed in a typical workweek, and any duration greater than or equal to one year. Second, 

duration of exposure was considered by dichotomizing ever exposure into 10 years or less and 

greater than 10 years exposed. Third, average intensity of exposure to MAHs was defined using 

three categories: low intensity, moderate intensity, and high intensity. Lastly, a substantial 

exposure metric, encompassing dose and time, was built using all four dimensions of exposure. 

Specifically, substantially exposed participants must have been exposed at medium or high 

categories of intensity for more than 5% of a typical 40-hour workweek (i.e. 2 hours) for five or 

more years. Participants who were exposed to MAHs, but who did not meet the criteria of 

substantial exposure were classified as having nonsubstantial exposure. Unexposed persons 

served as the referent group for all four metrics of MAH exposure. 

4.2.4 Smoking assessment  

Traditional adjustment of smoking history in epidemiological studies can involve several 

variables. However, typical smoking metrics, such as time since cessation, intensity and duration 

of smoking, and age at which smoking began may not capture its full effect on the relationship 

under study. Furthermore, the statistical implications of using several smoking measures in a 

regression model could manifest in collinearity (50). In this study, detailed smoking histories 

were collected. Operating on the recommendation of Leffondré et al (51) we used an aggregate 

measure comprised of smoking status (yes/no), cumulative amount smoked (log-transformed 

pack-years), and a categorical representation of time since cessation (0-2, 3-5, 6-10, 11-15, 16+ 
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years). This aggregate measure, known as the cumulative smoking index (CSI), not only 

facilitates a precise and parsimonious model, but also has demonstrated good model fit with our 

dataset (51). 

4.2.5 Statistical analyses  

 All statistical analyses were performed using SAS 9.4. Separate unconditional logistic 

regression models were used to estimate odds ratios (ORs) and 95% confidence intervals (95% 

CIs) for the associations between each MAH exposure and lung cancer. The following variables 

were considered as covariates in all models: age, years of schooling, median household income, 

respondent status (proxy or self), ethnicity (Francophone, Anglophone, other), smoking history 

(CSI), and any occupational exposure to diesel, crystalline silica, and coke dust and/or coal dust 

and/or pitch and tar and/or soot. Model selection was conducted using a backward deletion 

approach (p-value cutoff of 0.20). Socio-demographic variables including age, years of school 

attendance, median household income of census tract of residence, respondent status, ethnicity, 

and smoking history were forced into final models. Candidate confounders included alcohol 

consumption and Group 1 and Group 2A occupational carcinogens including diesel, crystalline 

silica, coke dust and/or coal dust and/or pitch and tar and/or soot, vinyl chloride and/or rubber 

dust, cadmium and/or chromium and/or nickel and/or aluminum, polycyclic aromatic 

hydrocarbons, wood dust, asbestos, and welding fumes.  

 In addition to the exploration of the main effects of MAH exposure on lung cancer, 

MAH-lung cancer relationships were assessed within two stratum of smoking history. Study 

participants were classified into two smoking groups using distributional cutoff points of the CSI. 

Lifetime low-intensity smokers, who occupied the lowest 25th percentile of the CSI, were grouped 

with never smokers due to the low prevalence of never smokers in the study population. 

Moderate/high intensity smokers were subjects with CSI values greater than the 25th percentile. 

ORs and 95% CIs were calculated for each smoking stratum and significance was tested with 
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their cross-product interaction term with MAH exposure. MAH exposures were defined using 

ever exposed and substantially/nonsubstantially exposed metrics. Statistical models retained all of 

the covariates listed within the main effects models, including the continuous CSI variable to 

control for residual confounding.  

Lastly, polytomous logistic regression was used to estimate ORs and 95% CIs for the 

associations between MAH exposures and the three major histological types of lung cancer: 

adenocarcinoma, squamous cell carcinoma, and small cell carcinoma. 

4.3 Results 

The present analysis had a total of 1,627 subjects with complete data on all exposure 

metrics, as well as covariates. There were some differences between cases and controls with 

respect to several important socio-demographic characteristics (Table 4.1). Cases were less 

educated and were more likely to have lived in census tract subdivisions with lower median 

household income. Additionally, cases were more likely to be of Francophone descent and to 

have used a proxy respondent during the study interview. Cases were more likely to be current 

smokers while controls were more likely to be former smokers.  

Table 4.2 summarizes the most prevalent jobs-defined by 4-digit CCDOs (Canadian 

Classification and Dictionary of Occupations) in which MAH exposures occurred within the 

study population. The three most prevalent occupations in our study associated with benzene 

exposure were motor vehicle mechanics, timber cutters, and carpenters/cabinet and furniture 

makers. The top three occupations associated with toluene and xylene exposure were similar to 

benzene with some differences, such as food and beverage workers for toluene exposure and 

painters for xylene exposure.  

Table 4.3 summarizes the associations between MAH exposures and lung cancer using 

the previously described exposure parameterizations. The following subsections describe the 

associations of occupational exposure to benzene, toluene, and xylene with lung cancer. 
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4.3.1 Benzene 

 Ever exposure to benzene is associated with an OR of 1.21 (95% CI: 0.90, 1.63) relative 

to the unexposed referent. 10 years or less of benzene exposure is associated with an OR of 1.20 

(95% CI: 0.84, 1.71), while more than 10 years of benzene exposure is associated with an OR of 

1.23 (95% CI: 0.90, 1.90). Increasing average intensity of benzene exposure is suggestive of 

increasing lung cancer risk. The low, medium, and high average intensity exposure categories are 

associated with ORs of 1.10 (95% CI: 0.80, 1.50), 1.50 (95% CI: 0.67, 3.35) and 7.54 (95% CI: 

1.39, 40.8), respectively, relative to unexposed subjects. The OR associated with high average 

intensity of exposure to benzene included few individuals and so should be interpreted with 

caution. Substantial exposure to benzene is associated with an OR of 1.41 (95% CI: 0.74, 3.01). 

4.3.2 Toluene 

 Ever exposure to toluene is associated with an OR of 1.24 (95% CI: 0.94, 1.63) relative to 

unexposed subjects. 10 years or less of toluene exposure is associated with an OR of 1.51 (95% 

CI: 1.05, 2.16), while more than 10 years of toluene exposure is associated with an OR of 1.01 

(95% CI: 0.71, 1.45). Increasing average intensity of exposure to toluene does not show a trend of 

increasing lung cancer risk, but high average intensity of exposure to toluene is associated with a 

suggestively elevated OR of 2.08 (95% CI: 0.75, 5.81) relative to unexposed subjects. 

Nonsubstantial exposure to toluene is associated with an OR of 1.30 (95% CI: 0.97, 1.75), while 

substantial exposure to toluene is associated with an OR of 0.97 (95% CI: 0.55, 1.73).  

4.3.3 Xylene 

 Ever exposure to xylene is associated with an OR of 1.31 (95% CI: 0.94, 1.81) relative to 

unexposed subjects. 10 years or less of xylene exposure is associated with an OR of 1.31 (95% 

CI: 0.81, 1.98), while more than 10 years of xylene exposure is associated with an OR of 1.30 

(95% CI: 0.81, 2.09). Low and moderate average intensity of exposure to xylene are associated 

with ORs of 1.37 (95% CI: 0.95, 1.98), and 1.31 (95% CI: 0.63, 2.74), respectively, compared to 
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unexposed subjects. High average intensity of exposure to xylene is associated with a null OR. 

Nonsubstantial exposure to xylene is associated with an OR of 1.40 (95% CI: 0.98, 2.00), while 

substantial exposure to xylene is associated with an OR of 0.97 (95% CI: 0.49, 1.94). 

4.3.4 Stratification by smoking history 

 Table 4.4 presents the associations between MAH exposures and lung cancer within two 

strata of smoking history: low intensity/non-smokers and moderate/high intensity smokers.  

Ever exposure and substantial exposure to benzene within the moderate/high intensity 

smokers is associated with ORs of 1.37 (95% CI: 0.98, 1.93) and 1.61 (95% CI: 0.75, 3.82), 

respectively. Within low intensity/non-smokers there is no increased risk for lung cancer for those 

ever exposed or substantially exposed to benzene. Despite the suggestively elevated risk among 

moderate/high intensity smokers ever exposed to benzene, the interaction term is not statistically 

significant (p-value for interaction: 0.12). No evidence of different lung cancer risks associated 

with toluene and xylene exposure between the two strata of smoking history was observed. 

4.3.5 Analyses of histological types of lung cancer 

Table 4.5 summarizes the associations between occupational exposure to MAHs and 

histological types of lung cancer. For adenocarcinoma of the lung, ever exposure to toluene and 

xylene is associated with ORs of 1.50 (95% CI: 1.05, 2.14) and 1.65 (95% CI: 1.09, 2.51), 

respectively. Nonsubstantial exposure to toluene and xylene is associated with ORs of 1.60 (95% 

CI: 1.10, 2.33) and 1.90 (95% CI: 1.22, 2.95) for adenocarcinoma. Substantial exposure to 

benzene is associated with an OR of 1.99 (95% CI = 0.87, 4.54) relative to those unexposed for 

squamous cell carcinoma. Overall, there many null associations between occupational MAH 

exposure and histological types of cancer. However, our results suggest there is an association 

between benzene exposure and squamous cell carcinoma, as well as associations between toluene 

and xylene exposure and adenocarcinoma.   
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4.4 Discussion  

There have been six reports of a positive association between occupational benzene 

exposure and lung cancer (10–13,16,17). Authors of the studies conducted in the U.K. and U.S. 

have advised caution in interpreting their results due to poor exposure profiles and issues of 

uncontrolled confounding by smoking and other occupational exposures (13,16,17). To date, the 

strongest evidence linking MAH exposure to lung cancer is a large Chinese cohort that had three 

follow-ups and demonstrated that male benzene exposed workers were associated with an 

increased risk of lung cancer relative to unexposed workers (10–12). Fewer studies have 

examined the association between occupational toluene and/or xylene exposure and the risk of 

lung cancer. Separate cohorts of printing and shoemaking workers have reported positive 

associations between toluene exposure and lung cancer risk, but the studies do not make strong 

claims and suffer from uncontrolled confounding (37,38,40,53). MAHs are also found in painting 

and rubber production occupations, both of which are defined by IARC as being associated with 

lung cancer (54,55). There is growing evidence that MAH exposures are associated with 

biomarkers of genotoxicity in humans (56–62), as illustrated by associations with oxidative stress 

and LINE-1 methylation. 

Our results suggest that ever exposure to benzene, toluene, and xylene is associated with 

a slight increase in risk for lung cancer with borderline statistical significance. High average 

intensity of exposure to benzene is strongly associated with increased lung cancer risk. 

Meanwhile, nonsubstantial exposures to toluene and xylene are associated with borderline 

statistically significant increases in lung cancer risk, while substantial exposures to toluene and 

xylene are not associated with lung cancer. We do not offer strong conclusions as to why 

nonsubstantial exposure to toluene and xylene would be associated with higher ORs than 

substantial exposure. There is no evidence to suggest that low-level chronic exposure to toluene 

and xylene in humans is associated with carcinogenicity while stronger, more substantial, doses 

are not. However, the prevalence of substantially exposed participants in our study is low. It is 
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possible that we are underpowered with respect to these metrics and thus cannot elucidate the true 

effects of such exposures. 

A major strength of this study was our adjustment for smoking based on detailed 

assessment of smoking history. We used various measures, including smoking status, duration of 

smoking, time since cessation, and smoking intensity, incorporated into one parsimonious 

measure. Nevertheless, some degree of residual confounding is still plausible. We also explored 

our relationships of interest within two smoking populations. While our parameterization of the 

“type” of smoker may appear arbitrary with the use of the CSI variable’s percentile distribution 

cutoff of 25%, the overwhelming proportion of current or former smokers in our study population 

necessitated that the non-smoker category include low-intensity smokers. Our results demonstrate 

that among moderate/heavy smokers, ever exposure to benzene is associated with an increased 

risk for lung cancer relative to unexposed individuals. However, we cannot conclude that there is 

a statistically significant difference in the risk associated with benzene exposure between the low 

intensity/non-smoker and the moderate/high intensity smoker categories.  

An additional strength of this study is our examination of the associations between MAH 

exposures and histological types of lung cancer, which has only been examined once before. 

Gerin et al report an increased risk of squamous cell carcinoma among individuals exposed to 

high levels of xylene (14). Our results do not corroborate this finding. Our results suggest that 

subjects with substantial exposure to benzene have an increased risk of squamous cell carcinoma 

relative to unexposed subjects, while individuals who were ever exposed to toluene and xylene 

are associated with an increased risk for adenocarcinoma.  

Though the question of selection bias is one that is pervasive in all case-control designs, 

the high response rates among cases and controls in our study minimizes the possibility of 

differential participation by case status. The issue of selection bias manifesting via differential 

exposure status is also unlikely given the expert assessment of occupational exposures, which was 
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conducted blinded with respect to case-control status and any misclassification would likely be 

non-differential. 

Difficulties remain in the interpretation of lung cancer risk associated with occupational 

MAH exposure. There is no consensus on how to best represent and measure MAH exposure with 

respect to its relationship with lung cancer. Comparing our measures of effect to those observed 

in the literature proves challenging due to the methodological differences in exposure assessment 

across studies. The varied exposure assessment techniques implemented across countries, 

industries, and study designs have resulted in a modest and inconclusive body of literature.  

 Some limitations of our study include the multiple comparisons made with respect to the 

three MAHs of interest and their respective exposure parameterizations. We acknowledge that 

multiple testing is a concern and that the interpretation of our findings should be done cautiously. 

The use of expert assessment to measure occupational exposures has shown variability in 

exposure sensitivity (63). Ideally, physical or biological measurements would be used to 

accurately capture individuals’ lifetime exposure to all agents, not just MAHs. However, the 

feasibility of such a pursuit is limited due to the long latency of lung cancer. Our methodology, 

including the self-reporting of occupational histories and expert assessment of exposure, has 

shown good reliability (64) and has been validated (65,66). Our study design implements multiple 

exposure parameterizations that provide hypothesis-generating findings, which lends a fresh 

perspective in the occupational literature 

 The issue of the quality of data obtained from proxy respondents is one that we 

acknowledge. There is a large disparity in the proportion of proxy respondents used in cases 

versus controls (40% vs. 10%). This disparity may introduce information bias; particularly since 

proxy respondents may systematically over or underestimate occupational exposures. Proxy 

respondents have shown reasonable reliability with respect to reporting accurate information 

regarding lifestyle behaviours such as smoking (67). However, proxy knowledge of the details of 

a subject’s tasks and work environment may not be as complete as the subject might provide. 
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This differential quality of information may have an impact on the ability of the experts to assess 

exposure. In order to determine whether or not the issue of proxy respondents influenced the 

effect estimates obtained from our analyses, sensitivity analyses were conducted using self-

responding subjects only. These results were consistent with those obtained from all study 

participants (data not shown). 

 Lastly, the issue of separately assessing the influence of each MAH on lung cancer risk 

requires consideration. We chose not to control for other MAHs within individual models due to 

the instability of effect estimates incurred by multicollinearity. Xylene and toluene were highly 

correlated (Spearman correlation coefficient = 0.73), as was benzene with toluene and xylene 

(Spearman correlation coefficients of 0.56 and 0.74, respectively). We recognize that by not 

controlling for other MAHs within specific models we introduce the potential for uncontrolled 

confounding.  

 In summary, we found evidence to suggest that ever exposure to benzene, toluene, and 

xylene is associated with slight increases in lung cancer risk. Increased risk of lung cancer is 

shown in workers who are occupationally exposed to high intensity concentrations of benzene. 

Our results indicate that low-level occupational exposure to toluene and xylene is associated with 

increased risk for adenocarcinoma of the lung. We encourage the pursuit of further investigations 

into environmental and occupational MAH exposures to better our understanding of lung cancer 

etiology. Our study offers insight into how smoking may affect the relationship between 

occupational MAH exposure and lung cancer, as well as how the relationship may differ between 

histological types of the disease. In light of the emerging mutagenic effects of MAHs, coupled 

with the growing body of evidence linking benzene exposure and lung cancer, we encourage the 

reevaluation of these chemicals as lung carcinogens. 
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Table 4.1: Descriptive statistics of participant characteristics 
	

Variables Categories ncont = 894 ncase = 733 
Age (mean ± SD)* 

 
- 65.0 ± 7.6 64.2 ± 7.8 

Age group (%) < 55 years 11.9 13.4 
56-65 years 32.1 37.5 
66-75 years 

 
56.0 49.1 

Ethnolinguistic group 
(%) 

Francophone 64.4 77.6 
Anglophone 29.2 17.7 

Other 
 

6.4 4.6 

Education (%) Elementary 35.4 44.5 
Secondary 41.6 43.0 

Post-secondary 
 

23.0 12.5 

Median family income 
(mean ± SD) 

 

- 35,187 ± 14,097 32,960 ± 14,976 

Median family income 
(%) 

<  $ 30, 000 44.7 51.2 
$ 30-45, 000 31.9 30.3 
> $ 45, 000 

 
23.4 18.6 

Smoking (%) Never 17.7 2.5 
Current 

 
29.2 67.5 

Quit Smoking (%) 2-5 years ago 2.80 4.4 
5-10 years ago 6.60 5.9 
> 10 years ago 

 
43.7 19.9 

Cigarette years (mean ± 
SD)** 

 

- 828 ± 794 1530 ± 888 

Respondent status (%) Self 90.3 60.2 
Proxy 9.7 39.8 

 
*Age in years as determined by time of recruitment into study 
**Among ever smokers, average number of cigarettes per day multiplied by duration of smoking 
in years 	 	
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Table 4.2: Main occupations with MAH exposure 
	

Substance Most prevalent occupations 
Benzene  

(njobs=496) 
 

Motor vehicle mechanic & repair (13.9 %), timber cutting & related 
occupations (9.3 %), carpentry, cabinet making, and wood furniture 
occupations (7.9 %), shoemaking & repair occupations (4.6 %), 
printing press occupations (2.8 %), other occupations (61.5 %) 
 

Toluene  
(njobs=659) 

 

Motor vehicle mechanic & repair (9.7 %), food and beverage service 
workers (10.5 %), carpentry, cabinet making and wood furniture 
occupations (9.3 %), painting, paperhangers, and decorating related 
occupations (5.6%), shoemaking & repair occupations (3.6 %), other 
occupations (61.3 %) 
 

Xylene  
(njobs=371) 

Motor vehicle mechanic & repair (17.3 %), carpentry, cabinet making 
and wood furniture occupations (9.7 %), painting, paperhangers, and 
decorating related occupations (8.1 %), shoe making & repair 
occupations (6.2 %), printing press occupations (3.2 %), other 
occupations (55.5 %) 
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Table 4.3: Associations between MAHs and lung cancer 

MAH Exposure categories ncont = 
894 

ncase = 
733 OR0

 (95% CI)* OR1 (95% CI)‡ 

Benzene Unexposed 
 

714 567 1.0 (ref.) 1.0 (ref.) 

Ever exposed 
 

180 166 1.16 (0.88, 1.52) 1.21 (0.90, 1.63) 

Ever exposed   ≤ 10 
years 

 

103 103 1.15 (0.82, 1.60) 1.20 (0.84, 1.71) 

Ever exposed   > 10 
years 

 

77 63 1.17 (0.78, 1.70) 1.23 (0.80, 1.90) 

Low intensity 
average exposure 

 

160 138 1.08 (0.81, 1.44) 1.10 (0.80, 1.50) 

Moderate intensity 
average exposure 

 

18 19 1.27 (0.59, 2.73) 1.50 (0.67, 3.35) 

High intensity 
average exposure 

 

2 9 6.16 (1.17, 32.4) 7.54 (1.39, 40.8) 

Non-substantially 
exposed 

 

156 145 1.15 (0.86, 1.54) 1.17 (0.86, 1.60) 

Substantially 
exposed 

 

24 21 1.19 (0.60, 2.37) 1.41 (0.74, 3.01) 

Toluene Unexposed 
 

678 535 1.0 (ref.) 1.0 (ref.) 

Ever exposed 
 

216 198 1.12 (0.86, 1.44) 1.24 (0.94, 1.63) 
 

Ever exposed   ≤ 10 
years 

 

97 106 1.31 (0.93, 1.55) 1.51 (1.05, 2.16) 

Ever exposed   > 10 
years 

 

119 92 0.95 (0.68, 1.34) 1.01 (0.70, 1.45) 

Low intensity 
average exposure 

 

178 157 1.11 (0.84, 1.47) 1.25 (0.93, 1.68) 

Moderate intensity 
average exposure 

 

28 29 0.99 (0.54, 1.78) 1.05 (0.56, 1.95) 

High intensity 
average exposure 

 

10 12 2.02 (0.73, 5.59) 2.08 (0.75, 5.81) 

Non-substantially 
exposed 

 

179 166 1.16 (0.88, 1.53) 1.30 (0.97, 1.75) 



	
	

66	

   
 
*OR0: adjusted for age and smoking (CSI) 
 
‡OR1: adjusted for age, smoking (CSI), respondent status, ethnicity, median household income, 
education years, occupational exposure to diesel, silica, coke dust and/or coal dust and/or soot 
and/or pitch & tar 
	 	

Substantially 
exposed 

 

37 32 0.93 (0.53, 1.62) 0.97 (0.55, 1.73) 

Xylene Unexposed 
 

759 615 1.0 (ref.) 1.0 (ref.) 

Ever exposed 
 

135 118 1.17 (0.86, 1.60) 1.31 (0.94, 1.81) 
 

Ever exposed   ≤ 10 
years 

 

71 71 1.20 (0.81, 1.78) 1.31 (0.81, 1.98) 

Ever exposed   > 10 
years 

 

64 47 1.14 (0.72, 1.80) 1.30 (0.81, 2.09) 

Low intensity 
average exposure 

 

105 90 1.20 (0.85, 1.71) 1.37 (0.95, 1.98) 

Moderate intensity 
average exposure 

 

21 22 1.22 (0.61, 2.45) 1.31 (0.63, 2.74) 

High intensity 
average exposure 

 

9 6 0.91 (0.29, 2.91) 0.91 (0.29, 2.93) 

Non-substantially 
exposed 

 

109 97 1.25 (0.89, 1.76) 1.40 (0.98, 2.00) 

Substantially 
exposed 

26 21 0.91 (0.47, 1.75) 1.08 (0.57, 2.02) 
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Table 4.4: Associations between MAHs and lung cancer within low intensity/non-smokers and 
moderate/high intensity smokers 
	
	
  Low/non-smokers Moderate/high smokers 

MAH Category ncont ncase OR (95% CI)* ncont ncase OR (95% CI)* 
Benzene Unexposed 

 358 66 1.0 (ref.) 356 501 1.0 (ref.) 

 Ever exposed 
 
 

99 15 0.78 (0.41, 1.48) 81 151 1.37 (0.98, 1.93) 

 Non- 
substantially 

exposed 
86 13 0.76 (0.34, 1.41) 70 132 1.33 (0.93, 1.90) 

  
Substantially 

exposed 
 

13 2 0.98 (0.21, 4.61) 11 19 1.61 (0.75, 3.82) 

Toluene Unexposed 
 349 61 1.0 (ref.) 329 474 1.0 (ref.) 

 Ever exposed 
 108 20 1.23 (0.69, 2.20) 108 178 1.24 (0.91, 1.69) 

 Non-
substantially 

exposed 
 

91 17 1.33 (0.72, 2.46) 88 149 1.29 (0.93, 1.80) 

 Substantially 
exposed 17 3 0.86 (0.23, 3.23) 20 29 1.00 (0.53, 1.90) 

Xylene Unexposed 
 381 66 1.0 (ref.) 378 549 1.0 (ref.) 

 Ever exposed 
 76 15 1.14 (0.60, 2.18) 59 103 1.37 (0.94, 2.01) 

 Non-
substantially 

exposed 
 

66 13 1.21 (0.61, 2.40) 45 84 1.48 (0.97, 2.25) 

 Substantially 
exposed 13 2 0.85 (0.18, 4.04) 14 19 1.01 (0.47, 2.18) 

 
*OR: adjusted for age, smoking (CSI), respondent status, ethnicity, median household income, 
education years, occupational exposure to diesel, silica, coke dust and/or coal dust and/or soot 
and/or pitch & tar 
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Table 4.5: Associations between MAHs and histological types of lung cancer 
	
   Adenocarcinoma Squamous Cell Small Cell 
MAH Category ncont ncase OR (95% 

CI)* 
ncase OR (95% 

CI)* 
ncase OR (95% 

CI)* 
Benzene Unexposed 

 
714 188 1.0 (ref.) 196 1.0 (ref) 95 1.0 (ref) 

Ever exposed 
 
 

180 52 1.21 (0.81, 
1.79) 

64 1.19 (0.82, 
1.74) 

30 1.35 
(0.81, 
2.25) 

Non-
substantially 
exposed 
 

156 46 1.20 (0.80, 
1.82) 

53 1.10 (0.73, 
1.64) 

28 1.38 
(0.81, 
2.34) 

Substantially 
exposed 
 

24 6 1.21 (0.46, 
3.24) 

11 1.99 (0.87, 
4.54) 

2 0.96 
(0.21, 
4.46) 

Toluene Unexposed 
 

678 167 1.0 (ref) 187 1.0 (ref) 92 1.0 (ref) 

Ever exposed 
 
 

216 73 1.50 (1.05, 
2.14) 

73 1.16 (0.82, 
1.66) 

33 1.21 
(0.75, 
1.96) 

Non-
substantially 
exposed 
 

179 62 1.60 (1.10, 
2.33) 

62 1.23 (0.84, 
1.80) 

27  1.25 
(0.75, 
2.10) 

Substantially 
exposed 
 

37 11 1.10 (0.52, 
2.34) 

11 0.88 (0.41, 
1.88) 

6 1.03 
(0.39, 
2.73) 

Xylene Unexposed 
 

759 194 1.0 (ref) 218 1.0 (ref) 106 1.0 (ref) 

Ever exposed 
 
 

135 46 1.65 (1.09, 
2.51) 

42 1.17 (0.76, 
1.80) 

19 1.28 
(0.71, 
2.30) 

Non- 
substantially 
exposed 
 

109 41 1.90 (1.22, 
2.95) 

32 1.17 (0.73, 
1.88) 

16 1.43 
(0.76, 
2.68) 

Substantially 
exposed 

26 5 0.78 (0.28, 
2.18) 

10 1.15 (0.50, 
2.65) 

3 0.79 
(0.21, 
2.93) 

 
*OR: adjusted for age, smoking (CSI), respondent status, ethnicity, median household income, 
education years, occupational exposure to diesel, silica, coke dust and/or coal dust and/or soot 
and/or pitch & tar 
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Chapter 5 

Additional Results 
 

The primary objective of this thesis was to examine the associations between lifetime 

occupational exposure to monocyclic aromatic hydrocarbons (MAHs) and lung cancer. 

Throughout this thesis a number of definitions were used to conceptualize exposure to MAHs. 

This chapter will present additional findings corresponding to different definitions of MAH 

exposures that add to the results presented in Chapter 4 of this thesis. 

5.1 Exploratory objectives 

5.1.1 Effects of MAH exposure using cumulative exposure index 

 Table 5.1 summarizes the associations between cumulative MAH exposures and lung 

cancer. The low and moderate categories of cumulative exposure to benzene are associated with 

ORs of 1.09 (95% CI: 0.74, 1.61) and 1.04 (95% CI: 0.66, 1.63), respectively. The high category 

of cumulative exposure to benzene is associated with an OR of 2.59 (95% CI: 1.27, 5.29) relative 

to the unexposed referent group. Low and moderate categories of cumulative exposure to toluene 

are associated with ORs of 1.04 (95% CI: 0.71, 1.52) and 1.32 (95% CI: 0.90, 1.95), respectively, 

relative to unexposed subjects. The high exposure category of cumulative exposure to toluene is 

associated with an OR of 1.20 (95% CI: 0.60, 2.38). The low and moderate categories of 

cumulative exposure to xylene are associated with ORs of 1.22 (95% CI: 0.78, 1.92) and 1.38 

(95% CI: 0.85, 2.25), respectively, relative to unexposed subjects. The high cumulative exposure 

to xylene category is associated with an OR of 1.29 (95% CI: 0.55, 3.01).  

5.1.2 Era of exposure 

 Table 5.2 summarizes the associations between era of first exposure to MAHs and lung 

cancer. First exposure to benzene, toluene, and xylene after 1960 is not associated with cancer. 
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While first exposure to benzene, toluene, and xylene before 1960 is associated with ORs of 1.32 

(95% CI = 0.94, 1.86), 1.47 (95% CI = 1.04, 2.07), and 1.57 (95% CI = 1.07, 2.30), respectively.  

5.1.3 Exposure to any MAH 

 Table 5.3 summarizes the association between exposure to any MAH and lung cancer. 

Exposure to any MAH is associated with an OR of 1.25 (95% CI: 0.96, 1.62), relative to an 

unexposed referent that was unexposed to MAHs. 

5.2 Sensitivity analyses 

5.2.1 Self-respondent data 

 Table 5.4 summarizes the associations between occupational exposure to MAHs and lung 

cancer within all study subjects and self-responding subjects. Findings among self-responding 

subjects are consistent with that of all study subjects with mild attenuation of ORs across MAH 

exposures and definitions.  

5.2.2 Change in estimate and backward deletion hybrid approach 

 Table 5.5 compares the association between ever exposure to benzene and lung cancer 

obtained via backward deletion as a confounder selection strategy versus a hybrid approach, 

which used a change-in-estimate approach subsequent to a backward deletion. The final model 

obtained via backward deletion contained the following variables: ever exposure to benzene, age, 

ethnicity, respondent status, years of schooling, median household income, smoking history 

(CSI), and occupational exposure to diesel, crystalline silica, and coal-related exposures. The 

backward deletion/change in estimate model contained the following variables: ever exposure to 

benzene, age, ethnicity, respondent status, years of schooling, median household income, 

smoking history (CSI), and occupational ever exposure to coal-related exposures. Using the 

change in estimate approach, occupational exposure to diesel was the first variable removed 

followed by occupational exposure to crystalline silica. The OR associated with ever exposure to 

benzene obtained from the hybrid backward deletion/change in estimate approach is 1.24 (95% 
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CI: 0.92, 1.66). This is in contrast to the OR associated with ever exposure to benzene obtained 

from the backward deletion confounder selection approach, which is 1.21 (95% CI: 0.90, 1.63) 

indicating a minimal difference between the two strategies.  
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Table 5.1: Associations between cumulative exposure to MAHs and lung cancer 
 

MAH  Exposure 
category ncont ncase OR* (95% CI) OR** (95% 

CI) 
      

Benzene Unexposed 
 

714 567 1.0 (ref.) 1.0 (ref.) 

 
 

Low 
 
 

90 81 1.01 (0.70, 1.45) 1.09 (0.74, 1.61) 

 Moderate 
 
 

72 57 1.09 (0.71, 1.68) 1.04 (0.66, 1.63) 

 High 18 28 2.31 (1.15, 4.67) 2.59 (1.27, 5.29) 
 
 

     

Toluene 
 

Unexposed  678 535 1.0 (ref.) 1.0 (ref.) 

 
 

Low 
 

106 79 0.90 (0.63, 1.28) 1.04 (0.71, 1.52) 
 

 Moderate 88 91 1.26 (0.87, 1.82) 1.32 (0.90, 1.95) 
 

 High 22 20 1.12 (0.57, 2.23) 1.20 (0.60, 2.38) 
 
 

     

Xylene Unexposed 
 

759 615 1.0 (ref.) 1.0 (ref.) 

 
 

Low 
 

65 56 1.05 (0.68, 1.62) 1.22 (0.78, 1.92) 
 

 Moderate 56 49 1.31 (0.82, 2.09) 1.38 (0.85, 2.25) 
 

 High 14 13 1.10 (0.47, 2.55) 1.29 (0.55, 3.01) 
 
OR*: Adjusted for age and smoking (CSI) 
 
OR**: Adjusted for age, smoking (CSI), respondent status, ethnicity, median household income, 
education years, occupational ever exposure to diesel, crystalline silica, coke dust and/or coal dust 
and/or soot and/or pitch & tar 
 
Unexposed: 0% of control cumulative exposure index 
Low: > 0% < 50% of control cumulative exposure index 
Moderate: ≥ 50 < 90% of control cumulative exposure index 
High: ≥ 90% of control cumulative exposure index  
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Table 5.2: Era of first occupational MAH exposure and risk of lung cancer 
 

MAH  Exposure 
category ncont ncase OR* (95% CI) OR** (95% CI) 

      

Benzene Unexposed 
 

714 567 1.0 (ref.) 1.0 (ref.) 

 
 

Pre 1960 
first 

exposure 
 

124 121 1.25 (0.91, 1.72) 1.32 (0.94, 1.86) 

 Post 1960 
first 

exposure 

56 45 0.97 (0.61, 1.54) 1.00 (0.61, 1.64) 

 
 

     

Toluene 
 

Unexposed  678 535 1.0 (ref.) 1.0 (ref.) 

 
 

Pre 1960 
first 

exposure 
 

124 115 1.21 (0.87, 1.68) 1.47 (1.04, 2.07) 

 Post 1960 
first 

exposure 

92 83 1.02 (0.71, 1.47) 1.00 (0.68, 1.48) 

 
 

     

Xylene Unexposed 
 

759 615 1.0 (ref.) 1.0 (ref.) 

 
 

Pre 1960 
first 

exposure 
 

90 85 1.32 (0.91, 1.90) 1.57 (1.07, 2.30) 

 Post 1960 
first 

exposure 

45 33 0.95 (0.56, 1.61) 0.90 (0.51, 1.57) 

 
OR*: Adjusted for age and smoking (CSI) 
 
OR**: Adjusted for age, smoking (CSI), respondent status, ethnicity, median household income, 
years of schooling, occupational ever exposure to diesel, crystalline silica, coke dust and/or coal 
dust and/or soot and/or pitch & tar 
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Table 5.3: Association between exposure to any MAH and lung cancer 
 
MAH exposure 

category ncont ncase OR* (95% CI) OR** (95% CI) 

     

Unexposed 
 

633 486 1.0 (ref.) 1.0 (ref.) 

Ever exposure to 
any MAH 

 

261 247 1.17 (0.92, 1.49) 1.25 (0.96, 1.62) 

 
OR*: Adjusted for age and smoking (CSI) 
 
OR**: Adjusted for age, smoking (CSI), respondent status, ethnicity, median household income, 
years of schooling, occupational ever exposure to diesel, crystalline silica, coke dust and/or coal 
dust and/or soot and/or pitch & tar 
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Table 5.4: Comparison of associations between occupational MAH exposures and lung cancer in 
all study subjects versus self-responding subjects 
 
 

 
 
OR*: Adjusted for age, smoking (CSI), ethnicity, respondent status, years of schooling, 
median household income, and occupational ever exposure to diesel, crystalline silica and 
coke dust and/or coal dust and/or soot and/or pitch & tar 

  

  All study subjects Self-responding subjects 

MAH Exposure 
category ncont  ncase  

 
OR* (95% CI) 

 
ncont         ncase                 OR* (95% CI) 

Benzene Unexposed 
 

714 567 1.0 (ref.) 634 319 1.0 (ref.) 

Ever exposed 
 
 

180 166 1.21 (0.90, 1.63) 173 122 1.13 (0.82, 1.55) 

Non-
substantially 

exposed 
 

156 145 1.15 (0.86, 1.54) 149 104 1.09 (0.78, 1.52) 

Substantially 
exposed 

 

24 21 1.41 (0.74, 3.01) 24 18 1.39 (0.68, 2.85) 

Toluene Unexposed 
 

678 535 1.0 (ref.) 601 291 1.0 (ref.) 

Ever exposed 
 

216 198 1.24 (0.94, 1.63) 206 150 1.23 (0.91, 1.65) 

Non-
substantially 

exposed 
 

179 166 1.30 (0.97, 1.75) 173 126 1.27 (0.93, 1.73) 

Substantially 
exposed 

 

37 32 0.97 (0.55, 1.73) 33 24 1.03 (0.56, 1.92) 

Xylene Unexposed 
 

759 615 1.0 (ref.) 677 350 1.0 (ref.) 

Ever exposed 
 
 

135 118 1.31 (0.94, 1.81) 130 91 1.24 (0.88, 1.75) 

Non-
substantially 

exposed 
 

109 97 1.40 (0.98, 2.00) 106 75 1.31 (0.91, 1.91) 

Substantially 
exposed 

26 21 0.97 (0.49, 1.94) 25 16 0.93 (0.45, 1.91) 
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Table 5.5: Comparison of the association between ever exposure to benzene and lung cancer 
using two confounder selection strategies 
 
	

	
	
	

OR*: Obtained via backward deletion. Adjusted for age, smoking (CSI), ethnicity, 
respondent status, years of schooling, median household income, and occupational ever 
exposure to diesel, crystalline silica and coke dust and/or coal dust and/or soot and/or 
pitch & tar 
 
OR**: Obtained via backward deletion and change in estimate. Adjusted for age, 
smoking (CSI), ethnicity, respondent status, years of schooling, median household 
income, and occupational ever exposure to coke dust and/or coal dust and/or soot and/or 
pitch & tar 
 

 
 

MAH Exposure 
category 

ncont       
= 894 

ncase      
= 733 OR* (95% CI) OR **(95% CI) 

Benzene Unexposed 
 

714 567 1.0 (ref.) 1.0 (ref.) 

Ever exposed 
 

180 166 1.21 (0.90, 1.63) 1.24 (0.92, 1.60) 
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Chapter 6 

Discussion 
 

 The primary objective of this thesis was to examine the associations between lifetime 

occupational exposure to monocyclic aromatic hydrocarbons (MAHs) and lung cancer. In 

addition to the primary objective, the associations between MAH exposures and lung cancer were 

examined with stratification by smoking. Additionally, the relationships between MAH exposures 

and major histological types of lung cancer were explored. Using a large case-control study 

conducted in Montréal from 1996-2001, MAHs were defined a number of ways, which attempted 

to better understand the relationships between MAHs and lung cancer. This chapter will address 

and interpret the findings presented in the manuscript in more detail, as well as those results 

presented in the additional results chapter. This chapter will also discuss the contribution of this 

work to the literature, future directions for this research, and the possible implications of the 

findings.  

6.1 Summary of key findings 

6.1.1 Summary of key findings of Chapter 4 

 The results of this study suggested that occupational exposure to MAHs was associated 

with slight increases in lung cancer risk that approached statistical significance. Of the three 

MAHs, only toluene demonstrated different risk estimates between two categories of exposure 

duration; 10 years or less of exposure to toluene was associated with a 50% increase in lung 

cancer, while greater than 10 years of exposure to toluene was not associated with an increased 

risk of lung cancer. Increasing average intensity of exposure to benzene was suggestive of an 

increased risk of lung cancer. Substantial exposure to benzene was also suggestive of increased 
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risk for lung cancer, but this finding was not statistically significant. In contrast, nonsubstantial 

exposures to toluene and xylene were suggestive of an increased risk of lung cancer. 

 In addition to results pertaining to the primary objective, MAH-lung cancer associations 

were examined within two smoking strata. The results from this analysis suggested that among 

moderate/high intensity smokers, exposure to benzene was associated with elevated risk of lung 

cancer. There was no suggestion that the effects of toluene or xylene exposure differed between 

the two smoking strata.  

 With respect to the associations between occupational MAH exposures and histological 

types of lung cancer, some interesting results were observed regarding adenocarcinoma and 

squamous cell carcinoma of the lung. Exposure to toluene and xylene were associated with a 

significantly increased risk for adenocarcinoma of the lung. While substantial exposure to 

benzene was associated with an elevated risk for squamous cell carcinoma of the lung that 

trended towards statistical significance.  

6.1.2 Summary of key findings of Chapter 5  

  Only men with the highest cumulative exposure to benzene were at a significantly 

increased risk for lung cancer. While not statistically significant, the moderate and high 

categories of cumulative toluene exposure were suggestive of increased lung cancer risk. There 

was no clear relationship between cumulative exposure to xylene and risk of lung cancer, 

although the moderate cumulative exposure category approached statistical significance.  

 The era of first exposure to MAHs in an occupational setting may be important. There 

were no associations between any MAH and risk of lung cancer among participants that were first 

exposed to benzene, toluene, or xylene after 1960. Conversely, exposure to any of the MAHs was 

associated with an elevated risk for lung cancer among those participants whose first exposure to 

MAHs occurred prior to 1960.  
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6.2 Comparison with relevant literature 

 A number of the studies reviewed by IARC in their evaluation of the association between 

benzene and lung cancer were retrospective cohort studies of petroleum and chemical workers 

that reported no association or a protective association (1–13). Three of these retrospective 

cohorts reported no association between the duration of employment and risk of lung cancer 

(1,3,4). The results from this research suggested that benzene exposure was associated with a 

slight increase in lung cancer risk, regardless of exposure duration. However, making 

comparisons between the ORs obtained in this thesis to SMRs obtained from retrospective cohort 

studies of petroleum and chemical workers is complicated for two reasons. First, the SMRs 

obtained from retrospective cohort studies could be attenuated towards the null due to the healthy 

worker effect and the health benefits associated with gainful employment. Seven of these 

retrospective studies reported statistically significant negative SMRs for multiple cancer 

outcomes, including lung cancer, within petroleum/chemical workers (1,2,7,8,10,11,13). 

Although it cannot be stated conclusively, the likelihood of chemical exposure incurred in 

petrochemical industries having a protective effect for lung cancer is low. Second, the expert 

assessment exposure methodology implemented in the case-control study used for this research 

does not align with exposure assessment methodologies of the cited retrospective cohorts. 

Although some of these cohorts have information on duration of employment, information on 

individual experiences, tasks, and behaviours was unknown, which raises concerns of exposure 

misclassification. Nevertheless, there is a moderate body of evidence suggesting that benzene 

exposure is not associated with lung cancer, which contradicts the findings of this thesis project. 

However, four cohort studies, which have attempted to directly assess benzene exposure, have 

reported a positive association between occupational exposure to benzene and lung cancer (14–

19).  

A Chinese cohort study of benzene-exposed workers has gathered over 1,500,000 person-

years of follow-up and demonstrated elevated lung cancer risk among workers exposed to 
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benzene (14–16). Comparing our results to those obtained from this Chinese cohort of benzene-

exposed workers is difficult given the nature of their varied exposure assessments. However, the 

authors of the most recent follow-up, conducted by Linet et al., used work-related metrics, such 

as age at first exposure, time since first exposure, year of first exposure, and industry of 

employment to assess benzene exposure, which are comparable to the exposure metrics used in 

this thesis (16). Linet et al. observed that benzene-exposed workers had a 50% elevated risk for 

lung cancer mortality (16), which is consistent with the results in this thesis that observed a 20-

40% increased risk for lung cancer among subjects exposed to benzene. 

A retrospective cohort study of factory workers conducted in the U.K. also reported an 

association between benzene exposure and lung cancer risk (18). However, Sorahan et al. lacked 

information on job titles for cohort participants and assigned binary (yes/no) benzene exposure if 

personnel officers of the workers’ employers stated that the subject had worked with benzene 

(18). This exposure assessment methodology is comparable to the “ever exposed” metric of MAH 

exposure used in this project, but the reliability of the exposure assessment used by Sorahan et al. 

is not known, which raises concerns about exposure misclassification. Nevertheless, the SMR for 

lung cancer within U.K. benzene-exposed workers (SMR: 121 95% CI: 107, 135) is comparable 

with the association observed in this thesis between ever exposure to benzene and lung cancer 

(OR: 1.21 (95% CI: 0.90, 1.63)). 

Although there are similarities in exposure definitions between the case-control study 

used in this thesis and the Chinese and U.K. cohorts (14-16, 18), these cohorts represent the 

broader problem of making comparisons and drawing inferences across studies of different 

exposure assessment methodologies. The study used in this thesis implemented an expert 

assessment approach that has been shown to be reliable and valid (20–22), but the majority of 

studies that have published on this topic have not used this approach and other exposure 

assessment methodologies may not be valid. Only one other case-control study of lung cancer has 

used an expert-based exposure assessment approach to assess benzene exposure, The ICARE 
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study conducted in France (23), but this study did not report a positive association between 

exposure to occupational solvents (benzene included) and lung cancer.  

There is not a great deal of evidence supporting the associations between toluene or 

xylene exposure and lung cancer, which limits the ability to make comparisons regarding the 

toluene or xylene-related findings of this project. However, there are notable exceptions within 

the literature that have reported findings that align with those observed in this research. Results 

from this project demonstrated that ever exposure to toluene was associated with an OR of 1.24 

(95% CI: 0.94, 1.64) for lung cancer, which is slightly weaker than past studies that have reported 

a positive association between toluene and lung cancer (risk estimates range from 1.3-1.6) (24–

27). Two cohort studies of rotogravure workers demonstrated that solvent exposure was 

associated with an increased risk of lung cancer, but these two studies used ambient toluene 

concentration measurements to estimate exposures for individuals (24,25). These cohorts are 

comprised of a single industry while the study population used in this thesis was a diverse array 

of workers that held multiple jobs over their professional careers. In addition to differences in 

exposure assessment, the nature of toluene exposure could very well be different within our study 

population versus the rotogravure industry. This is also true of comparisons to be made with the 

cohort of shoe manufacturing workers conducted by Walker et al., which reported an elevated 

SMR for workers exposed to solvents, including toluene (26). Although these cohorts have 

reported a positive association between toluene and lung cancer the methodological differences 

between the case-control study used in this research and the retrospective cohort studies of 

rotogravure and shoe-manufacturing workers makes comparisons difficult. Furthermore, there 

have been several reports of no association between toluene exposure and lung cancer (28–30). 

These studies have been reviewed and evaluated by IARC, which deemed that there is 

insufficient evidence to classify toluene as a carcinogen for any cancer site. Thus, although the 

findings of this thesis are suggestive of an increased risk of lung cancer in workers exposed to 

toluene more evidence is required to make strong conclusions. 
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There has only been one reported instance of a positive association between xylene 

exposure and lung cancer. Gerin et al. reported an OR of 1.6 (95% CI: 0.7, 3.8) for lung cancer in 

workers exposed to high cumulative exposure levels of xylene, using a similar exposure 

assessment method to that used in this project (30). However, results from this thesis did not 

corroborate this finding. The opposite was true in our study, where low levels of cumulative 

xylene exposure were found to be most strongly associated with lung cancer. Currently, there is 

no evidence in the literature to support the finding that nonsubstantial exposure to xylene is 

associated with lung cancer. There have been very few investigations into the carcinogenicity of 

xylene as an individual agent, but a cohort study 3,912 Finnish males exposed to aromatic 

hydrocarbons was conducted by Anttila et al., which used biological monitoring of workers to 

estimate exposure levels to xylene, toluene, and styrene (28). Anttila et al. reported an SIR of 68 

(95% CI: 14, 198) for lung cancer associated with xylene exposure, and an SIR of 101 (95% CI: 

41, 208) for lung cancer associated with toluene exposure. The extremely wide confidence 

intervals emphasize the low power of this study and its ability to detect true associations is likely 

limited. Ultimately, the findings of this thesis project, which suggested that exposure to toluene 

and xylene is associated with adenocarcinoma of the lung, is not strongly supported in the 

literature. Although these findings will make important contributions to the literature, it is 

unlikely that the results of this case-control study alone will move the needle on the carcinogenic 

evaluations of toluene and xylene. More corroborative evidence is needed to inform on the 

associations between these chemicals and lung cancer. 

 In addition to the issue of different exposure assessment methodologies, the study 

populations themselves may be different. Differences in sample size, study design, and level of 

adjustment for important confounders, such as smoking, may also explain differences reported in 

the literature. Although our relationship of interest hinges on a biological mechanism that should 

not differ across countries and ethnicities, there is also the possibility of a strong effect modifier 



	
	

88	

(e.g. gene-environment interaction) that may be distributed differently across these study 

populations and may lead to different estimates of effect.  

6.3 Study validity: methodological strengths and limitations 

6.3.1 Selection bias 

 Selection bias can occur in a case-control study if participation among cases and controls 

systemically differs by some characteristic between those who are included in the study and those 

who are excluded or do not participate. In other words, the study population is not representative 

of the true distribution of exposure status within cases and controls in the general population. The 

high response rate of cases (RR=86%) provides confidence that the exposure distribution among 

cases would be representative of all lung cancer cases in the Montréal area. The selection of an 

inappropriate and unrepresentative control group is typically the downfall of a flawed case-

control study. In the case-control study used in this thesis, controls were frequency matched to 

cases on age and sex and a modestly high response rate of 70% was achieved. The reasonable 

response rates among both cases and controls provided some confidence that differential 

participation in this study is unlikely. However, information regarding exposure status and other 

covariate information, such as smoking history, of contacted controls that refused to participate 

was not available. Thus, it is difficult to definitively conclude that the control group is truly 

representative of the general population from which cases arose. 

 Selection bias can also manifest in a study if the exclusion criteria imposed on the study 

population produces unrepresentative distributions of exposures and/or covariates. In our case-

control study, participants were excluded if they lacked smoking information (5 controls, 2 

cases), and if cases were diagnosed with mesothelioma. The exclusion of a small number of 

participants who lacked smoking information is unlikely to have consequential effects on any 

effect estimates derived from the study population. Additionally, the exclusion of mesothelioma 

cases was done due to the strong association between asbestos exposure and mesothelioma 
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outcome. The exclusion of this group (27 cases) is unlikely to have skewed the distribution of 

important characteristics in the case population.   

6.3.2 Information bias, measurement error, and exposure misclassification 

Information bias in case-control studies is thought to manifest primarily through 

retrospective exposure assignment in cases, who may over report exposures in an attempt to 

attribute their disease to past behaviours/experiences. Controls, who may not be as personally 

invested in a study, may provide less complete information regarding past exposures, which may 

underestimate the true distribution of exposure status in the underlying population. The 

overestimation of exposure in cases and underestimation of exposure in controls can lead to 

inflated and biased risk estimates.  

In the study used in this project, interviews were conducted with cases after they had 

learned of their diagnosis and the study objective. This raises a concern of whether cases may 

have over reported exposure to occupational agents because they wished to attribute their disease 

to past occupational exposures. Conversely, controls likely had an equally diverse and rich 

occupational history as cases, but may not have recalled important information to the same depth, 

which could have led to underestimates of their exposure profiles. These potential scenarios could 

have led to biased ORs that overestimate the true associations between occupational MAH 

exposures and lung cancer. However, given the exhaustiveness of the interview process, which 

covered all jobs held by participants, there is some confidence that interviewers were able to 

extract comprehensive details of all jobs held for all participants, regardless of case-control status.  

Furthermore, exposure status was not self-reported by participants. An expert team of 

blinded chemists/industrial hygienists reviewed interview transcripts of all participants and 

assigned exposure status to many occupational agents, MAHs included. Any imprecision in 

assigning exposure would likely be random among cases and controls, which would lead to non-

differential misclassification. For true positive associations, non-differential misclassification of 



	
	

90	

exposure would attenuate ORs towards the null. For true null associations, non-differential 

misclassification would not affect risk estimates.  

Although the exposure assessment strategy used in this thesis has been shown to be valid 

and reliable (20-22), a thorough examination of the misclassification associated with this strategy 

is warranted. The exposure assessment strategy implemented in the Montréal case-control study 

used in this thesis is susceptible to compounding misclassification given the iterative process of 

data collection and data processing. Specifically, the interview process that obtains detailed 

occupational histories from participants is followed by expert assessment of exposure as 

conducted by chemists and industrial hygienists. The collection of occupational information 

regarding work histories from interviews has shown approximately 80% agreement with records 

obtained from employers (20). Additionally, the expert assessment of occupational exposures by 

chemists and industrial hygienists has shown moderate to good sensitivity (70-90%) relative to 

physical industrial hygiene measurements (22). Separately, the interview and expert assessment 

steps demonstrate good agreement with “gold standards” and any misclassification would be 

minimal. However, when coupled together these steps could introduce significant 

misclassification that could strongly attenuate risk estimates if indeed this misclassification is 

non-differential, which we expect it would be. For lack of a better term, this methodology of data 

collection and subsequent exposure assessment could very well be an epidemiologic game of 

broken telephone. The compounding effect of approximately 80% agreement in both the 

interview and expert coding steps would result in approximately 64% agreement with the truth. 

This issue is both complicated and unclear. It is not certain that work records obtained from 

employers are the most accurate source of information that describes a worker’s exposure profile 

history and the consideration of these records as a gold standard may be false. Furthermore, the 

industrial hygiene measurements of workplace exposures may not be truly representative of a 

specific worker’s exposures given the varied nature of a worker’s tasks. Ultimately, the exposure 
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assessment methodology is an inherent characteristic of the study design and questions regarding 

the validity of the gold standards used to compare our methodologies are warranted.  

Non-differential exposure misclassification could have also manifested in this study 

population due to the decision to classify participants who received a “possible” exposure 

confidence score as “unexposed”. There is no reason for this to have occurred differentially 

between cases and controls because this decision was applied to all subjects, regardless of case-

control status. This decision would likely attenuate risk estimates towards the null, and 

consequently the ORs reported could be underestimates of the true associations between 

occupational MAH exposures and lung cancer. A cleaner analysis might have considered the 

removal of participants who only ever had “possible” exposure to MAHs. However, this would 

have led to the exclusion of a significant number of participants that would have affected the 

study power for this thesis.  

For some biological relationships it is best practice to represent a chemical exposure in 

cumulative doses (31). The cumulative dose of exposure is thought to be proportional to risk and 

can help to establish a dose-response relationship while maximizing power for some associations 

(32). Although this study did not have physical measurements of exposure concentration that 

would have allowed for a cumulative dose expressed in a physical unit, estimates of semi-

quantitative exposure dimensions were available and were used to derive separate synthetic 

indexes of cumulative exposure to MAHs, which were subsequently categorized. However, the 

decision to use distributional cut-off points to categorize cumulative doses to MAHs may have 

important limitations. Critics of this method cite loss of power and exposure misclassification as 

prominent drawbacks. In this investigation participants were artificially classified into low, 

moderate, and high MAH exposure categories without a standard. In order to limit bias, 

categories were based on the control distribution of cumulative exposure to MAHs in an attempt 

to capture the general population’s occupational exposure to MAHs. Nevertheless, participants 

were grouped together in exposure categories that may not accurately reflect their overall dose to 
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MAHs. However, the exploration of the associations between continuous representations of 

cumulative exposure to MAHs and lung cancer was a fruitless exercise due to the difficult 

interpretation associated with a per unit change in cumulative dose. Attempts to express 

meaningful changes (e.g. 100 fold increase) in the cumulative exposure variable were similarly 

difficult because the cumulative dose metric has meaningless relativity (i.e. the synthetic variable 

does not have a physical unit). Therefore, the most reasonable option was the creation of a 

categorical variable based on the computation of low, moderate, and high categories of 

cumulative exposure to MAHs using distributional cutoff points.  

The issue of measurement error is a serious concern for the conceptualization of the era 

of first exposure to MAHs. The idea of conceptualizing first exposure to an occupational agent 

into eras has been previously attempted within the Siemiatycki research group (33). The context 

in which an agent is used, the safety measures implemented, and technological advances in 

various industries are variable over time. It would be tremendously difficult to capture how such 

measures might change over time and across industries, and then translate these measures into 

statistically viable metrics in an epidemiologic context. As such, differentiating the eras in which 

an exposure occurred serves as a surrogate measure to capture the effects of these phenomena.   

The results of this thesis show that first exposure to benzene, toluene, and xylene prior to 

1960 were associated with increased risks for lung cancer. Currently, there is no evidence to 

support these findings. We chose to classify the era of exposure to MAHs into pre 1960 exposure 

and post 1960 exposure because of the regulatory changes regarding occupational exposure limits 

that occurred around this time and the transition of a number of industries away from benzene 

use. However, strong caution is warranted in making inferences regarding these associations. The 

classification of era of first exposure suffers from two types of misclassification. First, the 

crudeness of the surrogate measure fails to capture how industrial practices may have changed in 

these two eras with respect to MAHs. Second, study participants who were exposed to MAHs are 

likely to have overlap between the defined eras. For example, a participant who worked as a 
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mechanic from 1959-1990 experienced most of their benzene exposure after 1960, but the 

classification would define this person as first exposed to benzene prior to 1960. Furthermore, a 

possible explanation for this finding would be that MAH exposures occurring prior to 1960 would 

have sufficient latency to manifest in carcinogenesis given that the lung cancers identified in this 

case-control study were diagnosed in the mid to late 1990s. Contrarily, first exposure to MAHs 

occurring after 1960 may not have sufficient latency to promote carcinogenesis. Therefore, 

caution is advised when making inferences regarding these different “eras” of exposure. Despite 

the misclassification limitations of our crude surrogate measure there is no reason to expect that it 

would be differential between cases and controls. Cases and controls underwent the same 

interview process and subsequent expert assessment of exposure to occupational agents, and the 

date at which a job started may be information that is less susceptible to recall error. Respondents 

would likely be able to recall with reasonable accuracy when they started a specific job. 

6.3.2.1 Proxy respondents 

 As acknowledged in the discussion section of Chapter 4, the issue of the quality of 

information obtained from proxy respondents is a concern. Proxy respondents have shown to 

have reasonable accuracy recalling study subjects’ lifestyle characteristics, such as alcohol and 

tobacco consumption, but poorer sensitivity in recalling occupational exposures (34). If this were 

true for this study, then proxy respondents could have underestimated the exposures experienced 

by the study subject. Given that within this study cases were more likely to use a proxy 

respondent than controls, it would be expected that the distribution of MAH exposures among 

cases would be underestimated. This would lead to an attenuation of risk estimates. The results 

presented in Table 5.4, which compare risk estimates among all study participants versus self-

responding participants demonstrated that the risk estimates are nearly identical with some mild 

attenuation when restricted to self-responding participants. These findings suggested that 

information bias is not a major concern when using proxy respondents.  



	
	

94	

6.3.2.2 Outcome misclassification 

 The histological confirmation of lung cancer cases in this study provided confidence that 

outcome misclassification was limited for lung cancer cases. However, there were no reviews of 

clinical or histopathological characteristics of lung cancer cases, which could have led to some 

histological misclassification among cases. It is highly unlikely that controls were misclassified 

as not having the disease given the universal medical coverage in the province of Québec. If this 

were to occur than it would be at such a small scale that any potential bias would be minimal. 

6.4 Confounding 

6.4.1 Confounding by other occupational exposures 

 Prevalent jobs associated with MAH exposure within this study population include 

timber and wood-related occupations, mechanics and automotive repair occupations, and 

shoemaking-related occupations. All of which have unique work environments with potentially 

different risk factors. For instance, mechanics and automotive repair occupations would likely 

have co-exposure to diesel and gasoline fumes. Wood-related occupations such as cabinetmakers 

and timber cutters would likely have substantial exposures to wood dust. Indeed, the diverse array 

of occupations associated with MAHs speaks to the ubiquity of these chemicals, but also presents 

a challenge in identifying a reasonable set of potential confounders. In keeping with practice of 

the Siemiatycki research group, several socio-demographic variables were identified as a priori 

confounders and adjusted for in all final models. These variables were smoking history, 

respondent status, ethnicity, age, median household income, and years of schooling. Occupational 

exposures were identified as candidate confounders if they were classified by IARC as being a 

Group 1 or 2A carcinogens for lung cancer and had reasonable plausibility of being present in 

occupations where MAHs were used. In order to reduce the number of occupational exposures 

considered as candidate confounders to a manageable size, related exposures were classified 

together.  
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 There are limitations and drawback of this approach to categorize exposures together. 

The decision to categorize occupational exposures together can introduce misclassification. By 

merging occupational exposures together into a single variable categories were created that may 

include agents with different bioactivity in the human body. Furthermore, the inclusion of several 

variables into a single measure could serve to mask a particular association between a component 

of a catchall variable, e.g. an association with cadmium exposure could be masked when using 

the catchall “metal” variable in statistical models. However, given the limited sample size of this 

study, steps were taken to restrict the number of potential confounder included in multivariate 

models.  

 In addition to exploring “ever” exposure to occupational agents as potential confounders, 

a variable based on substantial or nonsubstantial exposure to occupational co-exposures was also 

defined. Classifying individuals with substantial and nonsubstantial exposures as just “ever” 

exposed, could not only introduce misclassification, but could potentially bias risk estimates in 

either direction. However, sensitivity analyses exploring this problem revealed that there was no 

difference in ORs obtained from models using “ever” exposure definitions of occupational 

exposures versus ORs obtained from models using “substantial/nonsubstantial” exposure 

definitions (data not shown). 

6.4.2 Change in estimate and backward deletion hybrid approach 

 The change in estimate confounder selection strategy can be cumbersome and inefficient, 

but can offer insight as to what variables truly confound the relationship of interest (35). Results 

obtained from logistic regression models using a change in estimate confounder selection strategy 

suggest that occupational exposure to diesel and crystalline silica do not truly confound the 

relationship between occupational exposure to benzene and lung cancer. Despite being selected 

from a backward deletion approach, ever exposure to diesel and crystalline silica caused a change 

in estimate of 0.6% and 2.4%, respectively, while coal-related exposures caused a change in 
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estimate in excess of 10%. How coal-related exposures confound the association between 

benzene exposure and lung cancer is unclear, but the solubility of carcinogenic agents that make 

up coal-related exposures in benzene is a possibility.  

6.4.3 Uncontrolled confounding by MAHs 

 All statistical models used to assess the associations between benzene, toluene, and 

xylene with lung cancer were conducted using separate models for each MAH. This was done 

deliberately in an attempt to reduce the effects of collinearity. Within mutually adjusted models 

the effect estimates of individual MAHs were not drastically different than those effect estimates 

obtained from independent models. However, standard errors of the parameter estimates were 

inflated, which led to widened confidence intervals for observed ORs. 

 An additional sensitivity analysis could have been explored that restricted the population 

to individuals who had only been exposed to a single MAH, which could have provided a clearer 

picture of how each MAH acts etiologically in the context of lung cancer. However, attempts to 

perform cleaner analyses of individuals who had only ever been exposed to one of the three 

MAHs proved problematic for two reasons. First, the issue of reduced power was apparent. When 

single MAH exposure restrictions were imposed on the study population the prevalence of MAH 

exposures was drastically reduced. Second, there were no individuals in the study population who 

were solely exposed to xylene, which did not allow for the exploration of xylene’s independent 

effects whatsoever. 

 Although it would have been ideal to study these three chemicals completely independent 

of one another it was unfortunately not possible. This is undoubtedly a serious limitation of this 

research. It very well could be that uncontrolled confounding by another MAH is driving the 

associations behind benzene, toluene, or xylene. This is perhaps most notably observed for the 

associations regarding lung cancer and toluene or xylene exposure, which mirror each other 

across many of the exposure definitions used in this research.  
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6.5 Effect Modification 

 One of the secondary objectives of this research was to investigate how the relationship 

between occupational MAH exposures and lung cancer might differ by smoking history. 

Although it would have been ideal to explore the effects of occupational MAH exposure in 

exclusively non-smokers, this pursuit was unfeasible due to the low proportion of non-smokers in 

the study population. The supplementation of low-intensity smokers to the non-smoker category 

introduced significant smoking behaviour variance in a single category. However, this 

misclassification was necessary in order to have two smoking populations that were adequately 

powered to detect associations between MAH exposures and lung cancer. 

It is estimated that a single cigarette contains approximately 10 µg of benzene, along with 

a host of other toxic and carcinogenic chemicals. Due to the complexity of cigarette smoke 

mixtures, the sum of its parts is likely greater than the individual components from a risk 

perspective. Thus, it is difficult, if not impossible, to tease out which agents in cigarette smoke 

drive carcinogenic activity and what interactions may be at play. However, given that smokers are 

significantly exposed to benzene by inhaling cigarette smoke, additional workplace exposure to 

benzene may contribute to constant dosing. The exploration of the associations between 

occupational MAH exposures and lung cancer within different smoking populations has not been 

extensively researched. The findings of this thesis suggest that benzene exposure among 

moderate/high intensity smokers was associated with an increased risk for lung cancer, whereas 

among low intensity/non-smokers exposure to benzene was not associated with an increased risk 

for lung cancer. A major limitation of this analysis was the few number of subjects within the low 

intensity/nonsmoker stratum. This stratum is particularly sparse for cases, due to the strong 

association between cigarette smoking and lung cancer. It is the strong association between 

cigarette smoking and lung cancer that raises concerns in making conclusions regarding the 

findings within different smoking populations. It could be that the observed difference in risk 

estimates between the two smoking populations is simply due to residual confounding by 
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smoking. While cumulative smoking index (CSI) is a comprehensive measure of a subject’s 

smoking history, it cannot be certain that the effects of smoking have been exhaustively 

controlled for.  

6.6 Biological mechanisms 

It could be prudent from a statistical power perspective to consider exposure to MAHs as 

a single variable. Furthermore, the strong correlation of the three MAH exposures in the study 

population demonstrated the difficulty in teasing apart individual effects of these chemicals. 

However, given the results of separate analyses of benzene, toluene, and xylene as individual risk 

factors, there is skepticism about the validity of incorporating all three MAHs into a single 

measure. Toluene and xylene exposure exhibited similar risk patterns with respect to a number of 

the exposure metrics and histological outcomes of lung cancer. The results from this thesis 

demonstrated that any occupational exposure to toluene and xylene was associated with an 

increase in risk for adenocarcinoma of the lung while substantial exposure to these agents was 

not associated with an increase in risk for any type of lung cancer. It is unclear why this 

counterintuitive finding was observed, given that the substantial exposure metric represented 

stronger and more prolonged doses. However, there could be an explanation for why exposure to 

toluene and xylene mirrored each other in the context of lung cancer risk. 

Toluene and xylene differ by a single methyl group on their aromatic backbones and 

undergo nearly identical metabolic transformations in the human liver (Appendix H). The 

metabolites of toluene and xylene also differ by a single methyl group. It is thought that some 

carcinogenic agents (including benzene) require bioactivation once ingested or inhaled by the 

body. Toluene and xylene as chemical agents themselves may not be mutagenic/carcinogenic, but 

their nearly identical metabolites could be. It could be that the metabolites of toluene and xylene 

behave similarly in the human body and that their biological mechanisms behind the cellular 

events that lead to carcinogenesis are similar. However, as acknowledged in the previous section, 
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the possibility that toluene and xylene are so strongly correlated that they confound one another is 

a highly plausible scenario. Nevertheless, the findings of this research clearly demonstrated that 

toluene and/or xylene was associated with adenocarcinoma of the lung within the study 

population. 

The metabolites of benzene are much different than those of toluene and xylene, despite 

the structural similarities of all three chemicals (Appendix H). As such, it is biologically plausible 

that their mutagenic and carcinogenic activities may be different. Furthermore, the analyses of 

histological types of lung cancer demonstrated that squamous cell carcinoma of the lung was 

most strongly related to benzene exposure while toluene and xylene exposure was associated with 

adenocarcinoma of the lung. Additionally, exposure to benzene among moderate/heavy smokers 

demonstrated elevated risks for lung cancer while toluene and xylene exposure did not have 

differing effects within the two smoking populations. Despite the moderate to strong correlation 

of the three MAHs in the study population there were observed differences in the various 

associations explored in the secondary objectives. Therefore, incorporating these agents into a 

single definition of any exposure to MAHs may not be a valid approach and perhaps do a 

disservice to the etiologic mechanisms of each chemical.  

6.7 Power 

A priori power calculations using the ever-exposed definition of benzene, toluene, and 

xylene exposures demonstrated reasonable power (80%) to detect ORs > 1.4. The results of this 

research demonstrated that ever-exposed MAH metrics were associated with ORs that range from 

1.2-1.4. Thus, it is unsurprising that the majority of ORs associated with ever exposure to MAHs 

presented in this thesis were of borderline statistical significance. Moreover, given the low 

prevalence of substantial MAH exposure metrics within this study population, it is not surprising 

that the ORs associated with substantial exposure to MAHs were not statistically significant. This 

is a major limitation of this thesis. Substantial exposure metrics capture more exposure 
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information, such as longer duration and higher intensity, than the “ever” -exposed definition. 

Unfortunately, the substantial exposure definitions were severely underpowered and the findings 

regarding these metrics did not yield significant findings, which may be an indication of low 

power or that no true association exists. It is unclear which scenario occurred in this research.  

6.8 External validity 

 The external validity of a study is the extent to which the results obtained from the study 

population can be generalized to the broader population from which the study population 

originates, and by extension other populations. The study population of this research is primarily 

French Canadian men. French Canadian men likely have unique socio-cultural characteristics that 

differentiate them from the general Canadian population. This was observed in statistical 

analyses, which demonstrated that ethnicity is a significant non-occupational risk factor for lung 

cancer in our study population. The relatively small number of non French Canadians in the study 

population did not allow for meaningful sensitivity analyses to be performed, which could have 

estimated ORs for non French Canadians. However, after adjusting for ethnicity in all of the 

analyses there is confidence that these results can be generalized to not only the Québec 

population, but also the Canadian population as a whole. Moreover, cohort studies in the U.K., 

U.S., China, and Sweden reported similar associations of comparable magnitude between 

occupational MAH exposures and lung cancer, which supports the notion that these are biologic 

relationships that are unlikely to be strongly associated with ethnicity or genetic factors.   

The exclusion of women in this thesis was done on the basis of their low MAH exposure 

prevalences. There is no evidence to suggest that the biologic mechanisms by which MAH 

exposures may be associated with lung cancer would differentiate between men and women. 

Nevertheless, it cannot be concluded that the observed findings could be generalized to women.  

Oftentimes, occupational studies report a major strength of their design to be that 

occupational exposures are stronger and easier to measure than those that occur in the general 
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environment. However, ecological studies that measure environmental levels of exposure within 

large populations can offer valuable insight into the etiology of diseases. Recently, studies 

conducted in the Greater Toronto Area suggested that environmental levels of benzene are 

positively associated with lung cancer (36,37). It is difficult to compare results from this project 

to those results presented by Villeneuve et al., due to both differences in exposure assessment and 

the nature of the benzene exposure itself. However, there is no body of evidence to suggest that 

occupational and environmental benzene exposures differ with respect to how the human body 

metabolizes them. Thus, the findings of this thesis should be generalizable to broader male 

populations and the environmental levels of exposure that are experienced by the general male 

population. 

6.9 Conclusions and future directions 

	 Previous work has demonstrated that cohorts of benzene-exposed workers are associated 

with elevated risks relative to unexposed workers (14–19). The results obtained from this thesis 

are consistent with some of the past research, but there are a number of cohort studies of 

petroleum workers, in particular, that have suggested there is no association between benzene and 

lung cancer (1-13). It is more difficult to compare the findings related to toluene and xylene 

exposure given that a small number of studies have examined these associations. Nevertheless, 

the findings from this project suggest that occupational exposure to toluene and xylene is 

associated with an increased risk for adenocarcinoma of the lung. 

 This research project used a case-control design that allowed for the adjustment of 

confounding by smoking and other occupational exposures. Expert assessment of exposure was 

used in this study, which has limited potential to accurately capture physical measurements of 

MAH doses. Future studies should explore prospective exposure assessment strategies that 

measure MAH concentrations in participants’ environments while adjusting for established risk 

factors for lung cancer. In addition, the issue of establishing a dose-response relationship remains 



	
	

102	

elusive for nearly all studies that have examined the associations between MAH exposures and 

lung cancer. An exhaustive attempt that captures accurate MAH doses should be conducted to 

elucidate a dose-response relationship (if one exists) for this family of chemicals in relation to 

lung cancer.  

Lastly, as Western economies have transitioned to service-based economies the need to 

understand the toxicity and carcinogenicity of occupational chemicals has become less urgent. 

However, environmental levels of toxic and potentially carcinogenic chemicals is a serious public 

health concern. Measuring environmental levels of chemicals poses a difficult methodological 

challenge from an epidemiological perspective. Reliable tools for measuring low levels of 

chemicals are needed if the health-related effects of environmental agents are to be understood. 

However, occupational epidemiology still has a great deal to contribute to the understanding of 

cancer etiology. Hopefully the findings presented in this thesis will make a valuable contribution 

to the literature and inform future carcinogenic evaluations of benzene, toluene, and xylene. 
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Appendix A   

Chemical structures of MAHs 
	
Figure A1: Chemical structures of benzene, toluene, and isomers of xylene 
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Appendix B  

SAQ: Occupational Information 

	
	

Please list below all of the jobs you have had in your life.  Start with the 
most recent.  Include all major job changes within any company. 

Job Dates Company or Organization 
No 
 
 From 19____ Name:   

1   Address:   
 To 19 ____ Production or   
   activity: 
 
 From 19____ Name:   

2   Address:   
 To 19 ____ Production or   
   activity: 
 
 From 19____ Name:   

3   Address:   
 To 19 ____ Production or   
   activity: 
 
 From 19____ Name:   

4   Address:   
 To 19 ____ Production or   
   activity: 
 
 From 19____ Name:   

5   Address:   
 To 19 ____ Production or   
   activity: 
 
 From 19____ Name:   

6   Address:   
 To 19 ____ Production or   
   activity: 
 
 From 19____ Name:   

7   Address:   
 To 19 ____ Production or   
   activity: 
 
 From 19____ Name:   

8   Address:   
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Job Please indicate your job title or job description and an outline of the tasks 
No 
 
 Job Title:     
1 Specific Tasks:     
    
 
 
 Job Title:     
2 Specific Tasks:     
    
 
 
 Job Title:     
3 Specific Tasks:     
    
 
 
 Job Title:     
4 Specific Tasks:     
    
 
 
 Job Title:     
5 Specific Tasks:     
    
 
 
 Job Title:     
6 Specific Tasks:     
    
 
 
 Job Title:     
7 Specific Tasks:     
    
 
 
 Job Title:     
8 Specific Tasks:     
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You will find below a list of substances which are often found in workplaces.  We would 
like to know whether you have ever used or worked near them.   
If Yes, just tick the box beside the name of the substance in the column marked "Yes". 
Please indicate in which jobs this occurred (see previous page for job numbers).   
If you Never worked with or near any of the substances below, please tick this box T. 
 
Yes Substances In which job(s)? 

T Engine exhausts →    

T Burning or heating of materials →    

T Welding or soldering →    

T Solvents or degreasing agents →    

T Paints, varnishes or woodstains →    

T Gasoline or other fuels →    

T Cutting fluids →    

T Lube oils or greases →    

T Acids →    

T Alkalis (caustic) →    

T Glues or adhesives →    

T Inks or dyes →    

T Insecticides →    

T Herbicides →    

T Asbestos →    

T Other insulation material →    

T Asphalt or tar products →    

T Sand or concrete →    

T Wood preservatives →    

T Other dusts, liquids, fumes, smoke 
(specify) 

→    
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Appendix C 

SAQ: Environmental Health Survey 
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Appendix D 

Calculation of Average Intensity of Exposure 
	
Table D1: Theoretical data for a study participant exposed to an MAH 
 

John Doe Year Reliability Concentration Hours per week 
exposed 

Job 1 1950 Certain CA FA 

 1951 Certain CB FB 

Job 2 1952 Certain CC FC 

 1953 Certain CD FD 

Job 3 1954-1995 Unexposed - - 

	
Using an ordinal scale of 1-5-25 to define low, medium, high categories of concentration 
 
C’ = ln (C/5) + 1 
 
AE = (FA*5CA’ – 1 + FB*5CB’ – 1 + FC*5CC’ – 1 + FD*5CD’ -1) / FA + FB + FC +FD 
 
 
Table D2: Example data for a study participant exposed to an MAH 
 
John Doe Year Reliability Concentration Hours per week 

exposed 
Job 1 1950 3 25 5 

 1951 3 25 5 

Job 2 1952 3 5 1 

 1953 3 5 1 

Job 3 1954-1995 Unexposed - - 

	
CA’ = ln(25/5) + 1 
CA’ = 2.61 
 
CC’ = ln (5/5) + 1 
CC’ = 2 
 
AE = (FA*5CA’ – 1 + FB*5CB’ – 1 + FC*5CC’ – 1 + FD*5CD’ -1) / FA + FB + FC +FD 
AE = (5*52.61 – 1 + 5*52.61 – 1 + 1*52– 1 + 1*52 -1) / 5 + 5 + 1 + 1 
AE = 11.95 
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Appendix E  

Calculation of Cumulative Exposure 
 
Table E1: Theoretical data for a study participant exposed to an MAH 
 
John Doe Year Reliability Concentration Hours per week 

exposed 
Job 1 1950 Certain CA FA 

 1951 Certain CB FB 

Job 2 1952 Certain CC FC 

 1953 Certain CD FD 

Job 3 1954-1995 Unexposed - - 

	
S: a scaling factor defined by the ordinal scale 1-5-25 
CE: Cumulative Exposure 
 
C’ = ln (C/5) + 1 
 
CE = FA*SCA’-1 + FB*SCB’-1 + FC*SCC’-1 + FD*SCD’-1 

 

Table E2: Example data for a study participant exposed to an MAH 
 
John Doe Year Reliability Concentration Hours per week 

exposed 
Job 1 1950 3 25 5 

 1951 3 25 5 

Job 2 1952 3 5 1 

 1953 3 5 1 

Job 3 1954-1995 Unexposed - - 

 
CA’ = ln(25/5) + 1 
CA’ = 2.61 
 
CC’ = ln (5/5) + 1 
CC’ = 2 
 
 
CE = FA*SCA’-1 + FB*SCB’-1 + FC*SCC’-1 + FD*SCD’-1 

CE = 5*52.61-1 + 5*52.61-1 + 1*52-1 + 1*52-1 

CE = 143.5 
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Appendix F  

Statistical power 

Table F1: Power calculations for the main effects of MAH exposures and lung cancer 
	
MAH 

• Exposure 
definition 

 

pcont (%) pcase (%) OR Power 

Benzene 
• Ever 

 
 
 

• Nonsubstantial 
 
 
 

• Substantial 
 

 

    
20.1 
 
 
 
17.4 
 
 
 
2.7 

22.6 
 
 
 
19.8 
 
 
 
2.9 

1.2 
1.4 
1.5 
 
1.2  
1.4 
1.5 
 
1.2 
1.5 
2.0 

33% 
81% 
93% 
 
29% 
81% 
91% 
 
9% 
31% 
75% 

Toluene 
• Ever 

 
 
 

• Nonsubstantial 
 
 
 

• Substantial 
 

 

    
24.2 
 
 
 
20.0 
 
 
 
4.2 

27.0 
 
 
 
22.6 
 
 
 
4.4 

1.2 
1.4 
1.5 
 
1.2  
1.4 
1.5 
 
1.2 
1.5 
2.0 

36% 
85% 
96% 
 
32% 
81% 
93% 
 
12% 
44% 
91% 

Xylene 
• Ever 

 
 
 

• Nonsubstantial 
 
 
 

• Substantial 
 

 

    
15.1 
 
 
 
12.2 
 
 
 
2.9 

16.1 
 
 
 
13.2 
 
 
 
2.9 

1.2 
1.4 
1.5 
 
1.2  
1.4 
1.5 
 
1.2 
1.5 
2.0 

27% 
73% 
87% 
 
24% 
65% 
82% 
 
10% 
33% 
78% 

	
α=0.05, control:case ratio=1.22	  
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Appendix G  

Research Ethics Board Approval 
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Appendix H 

Human metabolism of MAHs 

Figure H1: Human metabolism of benzene 

 

Adapted from Rappaport et al. (2009)  
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Figure H2: Human metabolism of toluene 

 

Adapted from IARC monograph 71-36 (1992) 
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Figure H3: Human metabolism of xylene 

 

Adapted from Low et al. (1989) 
	
	
	
	
	
	


